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ABSTRACT

U This report summarizes the results obtained on Grant F-49620-83-K-0029.

3The overall objective of this research program was to quantitatively investigate

the fundamental phenomena relevant to aero-thermodynamic distortion induced

structural dynamic blade responses in multi-stage gas turbine engine

components. The technical approach involved both experiment and analysis.

(1) The flow physics of multistage blade row interactions have been

experimentally investigated, with unique unsteady aerodynamic data obtained to

understand, quantify, and discriminate the fundamental flow phenomena as well

as to direct the modeling of advanced analyses. In particular, data have been

obtained to define the potential and viscous flow interactions and their effect on

both the aerodynamic forcing function and the resulting unsteady aerodynamics

of turbomachine rotor blades and stator vanes in a multistage environment at

realistic high reduced frequency values for the first time. (2) Analytically, the

development of an unsteady viscous flow analysis appropriate for aerodynamic

forced response predictions was initiated. (3) A structural dynamics model

based on an energy balance technique was developed and utilized to investigate

aerodynamically forced response of turbomachine blade rows, accomplished by

coupling this model with the unsteady aerodynamic analyses under development.

4wS m
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I I. INTRODUCTION

The structural dynamic response of fan, compressor, and turbine blading to

aero-thermodynamic distortion induced excitations is an item of rapidly increasing

concern to designers and manufacturers of gas turbine engines for advanced

technology applications. Destructive aerodynamically forced responses of

turbomachinery blading have been generated by a wide variety of aero-

thermodynamic distortion sources including: blade wakes; multistage interactions;

large angle of attack or yaw; engine exhaust recirculation; cross-flow at the inlet;

pressure variations on the engine due to external aerodynamics; and armament

firing.

The primary mechanism of blade failure is fatigue caused by vibration at levels

exceeding the material endurance limits. These vibrations occur when a periodic

forcing function, with frequency equal to a natural blade resonant frequency, acts

upon a blade row. Because a blade may have as many critical points of high stress

as it has natural modes, the designer must determine which particular modes have

the greatest potential for aerodynamic excitation. With the resonant airfoil

frequencies able to be accurately predicted with finite element structural models,

Campbell diagrams are the key design tool. These display the natural frequency of

each blade mode versus rotor speed and, on the same figure, the aerodynamic

forcing function frequency versus rotor speed. At each intersection point, an

aerodynamically induced vibration problem is possible. Thus these intersection

points, termed resonant speeds, define the operating conditions for potentially
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significant increases in vibratory blade response. However, Campbell diagrams

provide no measure of the amplitude of the resulting stress at a resonant speed.

The accurate first principles prediction of the aerodynamically forced response

I vibratory behavior of a rotating or stationary airfoil row requires a definition of the

unsteady aerodynamic forcing function in terms of its harmonics. The time-variant

aerodynamic response of the airfoil to each harmonic of this forcing function is then

assumed to be comprised of two parts: the disturbance being swept past the

nonresponding airfoils and the airfoil vibratory response to this disturbance. The

blade row response is then predicted with an aeroelastic model which is typically

based on a classical Newton's second law approach, with the unsteady

aerodynamics combined with a lumped parameter airfoil model and an iterative

solution procedure utilized.

The unsteady aerodynamic generally are modeled by two distinct analyses. A

gust analysis is used to predict the time-variant aerodynamics of the nonresponding

airfoils to each harmonic of the disturbance. A motion-induced unsteady

aerodynamic analysis wherein the airfoils are assumed to be harmonically oscillating

is then used to determine the additional unsteady aerodynamic effects due to the

airfoil vibratory response. Typically, the superposition of these two effects can only

be performed with knowledge of the modal pattern and amplitude of response of the

airfoils.

Unsteady aerodynamic models are generally based on potential flow theory, with

the unsteady flow generated by periodic gusts or oscillatlug airfoils considered to be

a small perturbation to a uniform mean flow. In this linear approximation, the
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5 steady and unsteady flow fields are uncoupled. However, these unsteady linear

theories are not valid for flows about lifting airfoils or loaded airfoils where the

thickness, camber, and incidence angle are not too small. For these situations,

nonuniform mean flows must be considered, resulting in a coupling between the

unsteady and steady flow fields.

There are many analytical and physical assumptions inherent in the various

mathematical models. However, minimal attention has been given to either the

Iaerodynamic forcing function or to the blade row interactions, i.e., only isolated

airfoil rows are considered. Also, there is a fundamental question concerning the

applicability of the Kutta condition for unsteady flows, particularly at the high

reduced frequency values inherent in turbomachines, with viscous effects only

beginning to be considered.

Experimentally, very limited appropriate fundamental unsteady aerodynamic

data exist to verify existing models, with these data generally not suitable to

discriminate and quantify the fundamental flow phenomena and direct the

development of advanced mathematical models. Also, all of the existing data have

been obtained in isolated blade rows or in single stages. Thus, the important effects

associated with multistaging, including the blade row potential and viscous flow

interactions, have not been investigated.

ILV)



II. PROGRAM OBJECTIVES & TECHNICAL APPROACH

The overall objective of this research program was to quantitatively investigate

the fundamental phenomena relevant to aero-thermodynamic distortion induced

structural dynamic blade responses in multistage gas turbine engine components.

The technical approach required both experiment and analysis, with the

program objectives achieved as follows.

* The flow physics of multistage blade row interactions were experimentally

investigated, with unique unsteady aerodynamic data obtained to

understand, quantify, and discriminate the fundamental flow phenomena as

well as to direct the modeling in advanced analyses. These data defined the

potential and viscous flow interactions and their effect on both the

aerodynamic forcing function and the resulting unsteady aerodynamics of

compressor airfoils in a multistage environment at realistic high reduced

frequency values for the first time.

* The development of an unsteady aerodynamic model which considers

viscous effects was initiated.

* A structural dynamics model based on an energy balance technique was

developed and utilized to investigate aerodynamically forced response of

turbomachine blade rows.

This research program was thus directed at providing fundamental time-variant

aerodynamic data which not only addresq the validity of the most basic

assumptions inherent in unsteady aerodynamics analyses and in the structure of



3forced response design systems, but also are appropriate to direct the development

of advanced 
models as well as to validate and indicate refinements 

to the current

state-of-the-art unsteady aerodynamic gust analyses. Also, first principles

predictive aerodynamically forced response models, including viscous effects, are

being developed.
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IC. RESULTS

3 An overview of the accomplishments of this research program is presented in the

following. The detailed results are contained in both the publications and the

graduate student theses. These research results are categorized as: (1) Unsteady

Aerodynamic Experiments; (2) Unsteady Aerodynamic Modeling; and (3)

Aeroelasticity.

A. UNSTEADY AERODYNAMIC EXPERIMENTS

STATIONARY VANE ROWS

* Unsteady data analysis techniques were developed and applied to

stationary vane rows.

* The variations in the instantaneous rotor wake data, the aerodynamic

forcing function to the downstream stator vanes, were shown to be due to the

vortex street structure contained in the wakes.

The unsteady (and steady) aerodynamics on each vane row of a multistage

compressor were investigated, including the effects of both the transverse, v+, and

the chordwise, U+ , first harmonic gust components on the resulting vane row

unsteady pressure differences for the first time. Analysis of these unique data

determined the following.

* There is a strong coupling between the gust generated vane surface

unsteady aerodynamic magnitude and phase dnta and the detailed steady

loading distribution, not the incidence angle, on the individual stator vane

surfaces.
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* The relative magnitude of the transverse and chordwise gust components

has a significant effect on the vane surface unsteady aerodynamics. In

particular, the transverse gust component, v+, influences both the magnitude

and phase of the vane surface unsteady pressure distributions. The

chordwise gust component, u + , also affects both the surface unsteady

pressure magnitude and phase data, but with a larger effect on the phase

than either the steady loading or the transverse component of the gust.

* The solidity of the vane row primarily affects the phase of the unsteady

pressure generated by the gust.

.v * Multistage potential interactions have no effect on the steady

aerodynamics. However, these interactions have a significant affect on the

a unsteady aerodynamics of the individual vane surfaces.

* For a very low solidity vane row, i.e., an isolated airfoil, steady flow

separation influences both the surface unsteady pressure magnitude and

phase data, with the primary effect being on the phase.

* For the very low solidity vane row, steady flow separation affects both the

harmonic content and the waveform of the unsteady pressure on the suction

surface upstream of the chordwise position of the flow separation.

054
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SROTATING BLADE ROWS

a* Rotating blade row unsteady data acquisition and analysis techniques were

developed. These are being utilized to obtain gust generated unsteady aerodynamic

data on the rotor blade row of an extensively instrumented multistage axial flow

research compressor. In particular, a series of experiments have been initiated to

investigate the effects of steady aerodynamic loading on the unsteady gust

aerodynamics of a first stage rotor blade, with the high reduced frequency gust

generated by the wakes from the inlet guide vanes. The multistage effects

associated with compressor rotor-stator blade row operation in the superresonant

flow regime wherein acoustic waves propagate are also being considered. These

initial first stage rotor blade row experiments have demonstrated the following.

*Steady loading affects the static pressure distribution on the front portion

of the rotor blade pressure surface and over the entire suction surface.

* Loading has only a small effect on the unsteady pressure surface phase

data, but a large effect on the magnitude data over the front half of the

surface, corresponding to the steady data.

* The unsteady pressure magnitude and phase data on the entire suction

surface are influenced by the level of steady aerodynamic loading,

corresponding to the steady surface data.

* As the steady loading is increased, the decreased magnitude region near

the front of the suction surface moves forward, with the minimum

corresponding to the location where the steady flow acceleration changes to a

71
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5 deceleration.

3 * Loading primarily affects the unsteady phase data on the aft half of the

blade suction surface.

* As the incidence angle is increased, the linear chordwise distribution of the

phase data show a wave phenomenon on the suction surface convected at the

mean axial velocity of the flow through the rotor blade row.

• The effects of loading on the pressure and suction surface unsteady data

are reflected in the dynamic pressure difference data.

A superresonant condition was also established in the compressor, accomplished

by altering the number of vanes in each downstream stator row. This resulted in

the generation of a relatively large amplitude upstream propagating acoustic wave

generated by the interactions between the downstream rotor and stator rows.

* Upstream, at the entrance to the first stage rotor blade row, the acoustic

wave has a larger amplitude than that generated by the first harmonic of the

inlet guide vane wakes.

* Loading has minimal effect on the resulting rotor blade surface acoustic

wave generated unsteady pressure magnitude data, with increased loading

increasing the level but not the chordwise distribution of the phase data.

• The linear, constant slope, chordwise distributions of the rotor blade

surface phase data corresponds to a wave speed equal to the speed of

propagation of an upstream traveling acoustic wave.
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EXPERIMENT IMPLICATIONS

3 * Unsteady aerodynamic data acquisition and analysis techniques need in-

depth consideration in order to obtain valid data.

• The detailed steady loading, not the incidence angle, is the key parameter

with regard to unsteady aerodynamics. Thus, valid unsteady aerodynamic

models and experiments require an accurate description of the steady

aerodynamics.

• Subtle steady aerodynamic experimental changes can result in large effects

on the blade row interactions and the aerodynamic forcing function as well

as the resulting blade and vane row unsteady aerodynamics.

a• The interactions of both upstream and downstream airfoil rows have a

significant effect on the gust generated unsteady aerodynamics.

• Potential interactions as well as viscous interactions are important.

* The variation of the waveform of the unsteady data cannot be predicted

with harmonic unsteady aerodynamic models.

Small perturbation models may not be appropriate for unsteady separated

flows.

%"
I.
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5 * The ability demonstrated in these experiments to experimentally control

the two-dimensional gust transverse and chordwise components indicates the

feasibility of aeroelastic tailoring for potentially large steady performance

3 gains by control of unsteady aerodynamics and the various airfoil row

interactions.

I
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R B. UNSTEADY AERODYNAMIC MODELING

3An analysis has been developed which models the unsteady aerodynamics of an

harmonically oscillating flat plate airfoil, including the effects of mean flow

incidence angle, in an incompressible laminar flow at moderate values of the

3 Reynolds number. The unsteady viscous flow is assumed to be a small perturbation

to the steady viscous flow field. Hence, the Kutta condition is not appropriate for

either the steady or the unsteady flow fields. The steady flow field is described by

the Navier-Stokes equations. It is thus nonlinear and nonuniform. Also, the steady

flow field is independent of the unsteady flow field. The small perturbation

unsteady viscous flow is described by a system of linear partial differential equations

that are coupled to the steady flow field, thereby modeling the strong dependence of

the unsteady aerodynamics on the steady flow.

Solutions for both the steady and the unsteady viscous flow fields are obtained

by developing a locally analytical method in which the discrete algebraic equations

3which represent the flow field equations are obtained from analytical solutions in

individual grid elements. For the steady viscous flow, this is accomplished by first

locally linearizing the nonlinear convective terms in the Navier-Stokes equations.

General analytical solutions to the flow field equations are then determined.

Locally analytical solutions are developed by applying these solutions to individual

grid elements, with the integration and separation constants determined from the

boundary conditions on each grid element. The complete flow field solutions are

then obtained through the application of the global boundary conditions. It should

be noted that the nonlinear character of the complete steady flow field is preserved

M"r
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as the flow is only locally linearized, i.e., independently linearized solutions are

obtained in individual grid elements.Ip

C. AEROELASTICITY

Arbitrary profile isolated airfoil gust and motion induced models have been

combined with an energy balance technique for the prediction of aerodynamically

forced response. In particular, an energy balance was performed between the

unsteady aerodynamic work and the energy dissipated through the airfoil structural

and aerodynamic damping. Also, a model has been implemented to predict the

random, torsion mode vibrations of a blade row generated by turbulence.

'U
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Time-variant data acquisition and analysis for
gas turbine aerofoil rows
V R CAPECE and S FLEETER, PhDIThermal Sciences and Propulsion Centre, School of Mechanical Engineering, Purdue University, Indiana, USA
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r-i m ri d friins ; is~ ir . _Jli V ,Ill. hwvurn' ,11lv r v Il'Ih iw e lnki1-1 ,i

ir~pi.-.ii Iv ins,,.d Is I111tl tv ul'i'iu-iI-li -, 4

Ili, lowuti-tv-n- I ~to" I'llv nis e 1liis 111 nsliutoi
Is'l, s1nug l utstc i f i i sle orii vsl .l~ tis lun s-i %

ittlst III lnn,..f c cll sIro ,1- 1.( Nu n-oI~sniit Illi~s aiil iis1%ltc lii -s lnI
1:ll; n~~s I i c ' I** lsiis v ), o i i n tii.il i r l ia li

I.-~ lr ;I( slu\u& cl ,lulirni f v i ~

NI F, I . iltf rcI Is- i sil i i t h :i -fs l iglesc ro ipr suue InIzt & u- I f,)icu

1I -u l i i tisN. i l i iul'.. thr 'islik~ s lit iis (tile

lii ai I rodtieisnhficrd of) n ii e fo llcti-(- i- Instio
firlu isslif '111.1ruuttutru ui lgli ~ta:uiun'
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lit this paper, computer Ibaszed time-varianlt di~ilai alll alit1 [ it' lii litaitthal'Ii i'li

data aequiiion, anti analiy.is tceilii(tji, jiiciidijii
ensemble aver-a- ilig and F'ast Fo-Xiiii-r Trallilttiiit,

funadam ental hlt iijc aiirfouilI %ii~ IW i~i.l tliiI llzL ilt- III ; I~ ii~il :I.. ilt ll ItIgI iii t

Iechmiiqiai. to tile tiiiie-variamt sign-al froti iiilt h tlI, riici lii iti I t;tIIlI ii ii o

Uof a researchi comphlren-sor. Iir t Lite 4tiil~aLlt I a i I I ailaIiui I Itt ~,I~k ilki- c Xa -o r (* i i i 1 lit, 11 .1 1 k

aquistion[te and~u)Ii ana.ve,~it e ili' itioii All Ir tl t i ItLi -t ir ~ ilzv I. t . t i I l 1 -1. 1.i,

(gh oamitraied. Thm e n itie lric e i ji t a it ;il-t oiait%M i :1i 0 I t;tjit l \atio litl- i lila liii;

Iliecto Piadu ~~~y allr i ain o -; I t Iloi( ll.iAI r)VI li A'( : 111.1 com

vu~le -'turac iu ni ls prei e fili i tri il tiilil iti, 11i ,I' it I 11*l. . I Ili ~ .
qa ntifIied.i hiti ieiti baurce it iii ari ALIiu- Va-lie tlg.1 i l ,ti ; iil :- :i tt til I 2h-i

icrrlaiie al th e r e cins otilii ~rvb lll a ili 1t'. I Iiz, jll ie\IiAll Il I i v ititi . i t i .

perdurbtio fre aety p amid tfie ulat* ro mtiiiti,. 'lil I\\' 1:11 a. liii- h .1 i o

Ti~i cohmlressr i drve-m by a 1 ill I) ciil t t-lll i ll Ilitl it'tlit "o' ill 1,\ Itt :t
t  Ih.,i 110

Rpeed an-e rC34X to 3,(OMi l-I'Nl i I ll m~tit- ti- i il . 11lt ii lit tit4"t1

-3 rTh r bu.1le I Tniv -i ta xira e f l i I, ORi iiiii T AI I t T \ i A il( Q i iilii i2 t-. )i.

idmessc r simles stae hinav t- tu tili-igt litlg tjiiit thi-aii-r.0liii,

aco)i a i) opeat ma i n ilre th i etgali t rl.- h lgl1 ;II lql-lol 1.

1104aty a e row a i crlatiii. i'iie uinictati Ii iii-1111" I , i , i-iit- it,-jt~ IL 2 iii

to i miele tag(e v e o an i p.,ti th varae "" 4 t Il' I(M( le ti: 1  1-di -11 ti- 1

tile terdyinletict frcn-g fu i on 111e resultin ciltrtl ,it lilt ti.iijit
rdcerquncy anth teaerow nressrci~, on6;~ ia~ Iii-I ~l 1 ~

moure oe a sinle rangae inM tom row. I PM loIit i'ititiiti lItiitt ItlVjt

ie cl cmressor st ebe re vot exlii l'ril 1*1 cIo huh lilt- \.ii .1I-i 1'u i Il~t -i

am rfoil s aB iltimmA iaC I by c ioip rfile mli 1iitjj / ii t  jttl i tb .i iti- i Il

iNs~mu\IE.Ni kTI)

Bute h ow s te tl ae- antitu i me v81C Wimit data larcI i iit (lii-.-'i it iaiilit- I I -jiiot :rt i tl IitI Iti tI
is e sured ith al 1rclht- i npoe titl i illt iit il l. ZteuL rot IIIJ 'Ii lt l~iL ~~il~
inid-saor optingoineti acting Like ti %- 4'
sura e aro dynali-a l a dlu inlT e mit eady -sa igi11o 1Il-lAI -11 ' ' 11 .1 Iti I.i-j ij.

deateruine ile bfl rtating le ronamic foringt mivitici a t., 1."ii a tig 'I Ill"i~ itlt d 1it -, fil l, I-itit- Il l it,.
to t e di h tae vnc e row o t ie , ile va-en riii A~ ti la) Ii 1,11. .\jull i l . 1 l li- k~ it ~

d as a reinerfnce to c-acuat the vaute jiith-ftil.~ ~ t atietaa iaies-
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encodler mounted ott the rotor biflt. 'I'llc ivil tif tlitc 1eiiitli igii:illtiitiii
__ inicrobcconit range squjare wave voltage :sigtial fromn Ti~ i~ ~ie ti~t d li.ii -~

the encoder is the Lime or data iitiationi refercint"', , \ I.er.ii I 1., h

atid triggers the high speed A-1) multiple Xer yte. irihi gitI ijijiiiir, I hI" huIi i

PERIODIC DATA ANALYSIS Ihi~i~ii i\itilk the l. t ii U

In genteral, the time-variaitt signals frin thde lhot- \Ilie i Figuret. 1. lt-,. iti-j, nutr ;i.i t L, iii' -

%olire probe andi tlte dyniamic presirc tr;-tli t tie 1:1ie llie liki Ii to iH mc lit-i, ixe.. I ii i-jr -I1Ir- I hr
comtposedl of thtree conmponentts: (1) a steady-si tt Iititii 't Hr lic -'\ ilit ll., t 1.1  lot h (bc ~It Iliilu
C01ottptteit; (:2) the peitotdic cumOniltIeit of httir.t: H- r1111C ly) V3u iirrr li'W.tr

antd (3) a rantikm tictualiig comp jontent.

-(ij - r~t + r (t)+ t ot1(1 ) d tiJ IIIljj -_% lll C 14 il

16hr rita c fsll ae gI" . n te l iie Ijteud)-ttzttc, laljlaig etgi lt.tiI; [hc 2 it i:k' at i~l
sligmnal , ehatinent doncept Ilicti aly comisiieil by ilwc rlti l-( t1; i t-t- lii. Hie;I, zd (
reset el eer e5. Th ti11-v1riiit siitaic rjit iiif i cjllititrl a il- It,,\ a iir ;ij, %, it It

~ slnile ani igiiz d o er a ltte fam tiui is va ie rS t i t l.\j i 1 ht;Iii I I itLIr it, l 111 (1: ti illp-
g Thaer th-an -the pig a oi olel s ignal ypom lt o , \,i liot-wit\ cril~ tlinilgt 1iLit~l i-lil too (it i .11~ii

llIt ii acteriltic time. \Vitli th sam dataitti to toti ui li ato \.* M1 ,1 iii ;ir,t~ IIIt:t 1 rI I '- lw,
tter n, alo ie th i gn~rall frm thlle tr shall l t. hlicile, ito ilt h t - Ik, oi l 'l r iti lVl

nur~oic t att d opia leo der a iscorresp ntliti l I llet 11:tIll the I tii III Itt- itt kr Itt Ii ;i\ lI i It l i II

5 I I L t~ ~ n ~ ~ e e '', d b e ea i g tups gi t lit- e t 'd Il it ' [ I . r t iliilyt l. 'I' Ili's \:III( .- 1 hr it

s I 'i~hit anti diii+in poes 'ie tie ra I (L)i(t1tt i lh u I tII( sr i'l- ki ilt (1) it(1.,i Ih

sihne peiodi sgaeag iomp henti detertmied by t\\ikritj-, are 'iiciI iI' lIIC .iiiIil itrIll(
ligia a erg nethis sveri go decigiali b da au tes 1,adl ittii ed t lolit , i jiii (2)l te i\t, arc l li ti* Li-
Eitatiot 3.anem n co cp hlal o -,d rd b i it'.ki o e I(rc[(I (I

Ioeo a sefeicentcy larg e nttihie-rofiligt l ,igm a i- Iil it lieet-i Ir i-i llol t 11H iii l ii ;Li il

samptled seres Niiie ove 1, t eimis e fa.tie ofa li-, it well a- tlit jAiIIl IIA lik.l t III(' \;IIlI( IJ.
rahlm ima ot[h~e l t'illi l ie na zeto.W ll I l~ it ' e lii1i ( titIg L- iii I pit :it-I : niitmil21 ( -hig

stgndIerelative toe th l t ae data iittait cfeetu i itulioj 'sIifi'i' 'Ilu' t%%(i (Ill %\A , il-I- :it di

lte ,ine l s tis etien i by av e a ing llis lu -l,illiiiu'12 tohI' iii tA t :11161l' - il' IV aIV o\Ct1 I t'

saowplingt an igit te sitin proc esi y v time s iant 'k Ii- Ii- lt ia ti i Iii'tii Ii-IiI lt i i
signlsemble averag tehius~ the dterinieutt A it.ti '~i-,-iul -. i'll~\l t~

V, ouvraing tansor tseies ditadait tame", 1 n

detrm N e f-tlar o ic ae IenI ir.t To) d ti- ji i lu' i 11 it It1t1-1' lir-- dill,

fp +In In# Z ,4,X
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RES uLTs l'Xjiiier delhclipisii on *b utw l ile l"olouiiig lii,,il

At each steady-state operating point, anl ellselikli. li-aiise of' Liii' bigiiilicaliki th~i redce daa W~
averaged timne-' ariant dat a set COisktinig of Lilie cn, il re tlu lits.

hot-wvire probe and the dynamic llreb-iire t ranlsdtio4ir
sjignals digitized at a rate oir 2WX ON l is obtain~ I ime R, Viisl~eady I erodyitaimcus
T[his sampile rate results inl apiproximiately LI1 poihlit Thle (Iiludiii iiil(l-viaiii~ .I liili 4 k
dlefinking (lhe periodic vane inlet flow helid, ix., I fii i leirl iii \alirO lliciia i

tiiue-variant flow hield be'tweenl adjacenit rotor Itlk-. I;rZIlI alli iiiiiil ilii \ei midikj~iii>
at thle dlesignl speed of thle comipressor. dU~~~ 'ii;~ii~l lj ii i

Ensemnble Averagingy rl-I'iii \ii A t, Iii liI I-(i pro

Th'le effect of ensemnble averaging tlie Limie-%:iriaiti ll T i~ kiiilihli iii% *Olg i -duil],:

signals is demonstrated in Figure 3, which lire.* iL a mii~jj i ;II ii .\1i h...I IIitit to)jli I li-I i IIII

typical digitized pressure traiksdklcer signal foi I i il dii Iii ii ig uisii.

rotor revolutionk and av'eraged over 25, 50, 75, 10( ik0 iliiiki 1i il III iii liii i i[ V~f' PM 1i 1 t1i

and 200 rotor revoluitionks. The enisembhle averaiilg Z(-ceaill (.()Illjk>ir ii'iih ~ ieiii'aI

bigllificantly reduces the randloml I~lkLations %\hi (ill'.60lik' hiliiiiii i.illit Ml iii I ;\k. dl'I'ii.
PI are superimiposed on tike periodic signial, with tIC I iveis i Vlie li o I.\ 11:liilic iii)iiliIkg al iili iI..I

tine-variant signials essen~tially kkiclukkkgel %\ licit Tie ClkoikiwI5ij." iiinii (,I, Illc 'Ill VC11'
averaged over 75 or imore rotor revolwkion~. Fi* or i iI' 1-11C :111ii tl-I ijIili iii * Ill- \i:Il, 1*i hr

All! ~ data to be presenlted, 200 avekages, are( obtainied f'or I lese t wo Coklirio.rl iil)A .ti I Iig (.)thIi<iil I., arle
both Ltke hot-wire probe anid thle \an aiie -r phreledll F igure Li. lThe oVi iil lhiiimikiil
(rakistlucer signals. iilii a ilil lu iiteeijiiiliil~

"kIJiaI I~krikaktc unleiI itlk the -6.5" ilic jilijile a ugh l da (Jr~IIkiIsi~iihg toi

Figure 4 shows tile Fl']' (lemmkliohitiioki ofI li lidnce aiigle lashb I,) a loiilea in~lig t

typical einseinblle averaged tlklk-varkiant liV'Ior these Lwo ciimsiii Ciieillikg lliklitiiilS.
i raisdlier bigiial. There ik a dinankkiit fidlamliii itdAhi3Iaii iiii li iiiiIiiSau i

freiqiien k ;i:t. rot or blade passing, xvitli ikiiel rlll t ite arallel I~ic ikiiiillgllniii t (Iiit- itur ili i

ighier hkarmionics anikl iiliial iihll-lilrkkiollie cljklitl llre rsciktetl iillVgiic 7. HoikILil (Sli Il,I
Also shoit ik is thle digitized siglkal together twi(I h I kll'Vce akltaitr., i-ti~kli~lki i

lirst three hutriioiiics anii thir ,;imn. llkk, soimlil I ilftient. [[o\%vltd., il termsl (I tle flust im-iiuoicui.
iN "(eii to * it good approJilliki iol toi titll( rigikll t Lbs t~ wo luirciiig rimkctiliis ale cqiviaiiiiI. ill
iigitized signal, fukrthler demlonstratinkg iliatL tit( dorii ol .ille riis o5 cilIle Illigilitlii Ii' iit- I ir'l
timie-variaklt signal is primarily complosedl of' the( first laillolie &i is gikst ChillilkltS1 (Iit /V i Ir 0.61

thlree haroieis of rutol' blade paissin~g freueiiu. i kIl 0I.79 tfl b liese t\ ,,I( I)I taI i Ilgs . It I
FF7' &~ Ensemble -1 ieraying Iilterle t il Ilote thamt tIlic ( iliii t i \(ii\

VI 11)01 IIt'llts' Ull t i L ~ilall ;I., iiiillpiar l ii, t il-
There are two data analysis applroachles whlich streaml VCIo)Citv, laiavlig lOi iiki Oiut ler' ofi i.3 tiid

could be applied to the inke-variakit digital ilata. ill 0I.1S foi thle' pariliit ali iliiiilldia Ii((litiiliti
one, the data are Fourier (Iecolkklo.sed andI Owin ~ ~ j~ 3  L n fililih'.''isli aV

eiiseiuible averaged. The secoiic alipnriiail iiklili(U illS- lai i llg ti V;Iiilit V 111 I it,iiiihi

signiiciantly reduces thle data storage reqiireikicikt. p111rtuiaiion a.,smlio l i iiiN liihiiaia
%vitli the digital data first enseimble averageid andi koileks for tliwLcally aiill~lli
then Fourier decomposed. Also, thle lprevimliblyTh -mingfrl a-1wlc tlp \d 1mc7 l~~resenkted results showing that thle enbeinIic [i tsihiglii iiiiii iiiiiiilaIi
averagedl ime-varialit data are compotsedl pim~aily lisrc hi~ ie (lliiltit iistiiiii ;itio 0v-h i ll ligillit
oif olily Lte lower hkarmonulics raises the hluestioil if ,I S As a rulttrllce, liiiiiijiiliii iiiiIil

%%hich approach is appropriate. Namely, ilot- tile- ierioili .t ii 0 1 i l Iiliili ul iiiiiii di' Ilii
enuseimble averaging remove tle hkighker order is also piresented. This Iliillliduerb Lile nmi ell1

hiarmniics which woldl be retained by av'eraginkg Like: irrouttionll Ilow of' a perfecL gab alli analv1 V/esLk
Fourier decomposed data. 'Ilis is addressced by iklkifoihll hubkllic C eiuiliiess"iiie Ill)\% 1iaL *a t\i w
considering tlke differences betweenk (a) telllili djnlieisioiAl flat, hilae airfoil \iiit %itli l ikaii
averaging and theni Fourier decoumposinig tlke Ltle- illataly koihiilll teiuitity enIicriiiiaiiiii, slliiciinliiseii

IAvariant data and (b) Fourier decornpo.si 1kg alkd] Ltlen andi!(1 tcveteid ilo%%nltrca il.
averaging thle time-variant dlata. Tkere are relatively large oililerenzces ilk the

Figure 5 presenlts tlke results of these two time- complex dyniamic pressure coliciee ii daLk piresenhted
variant data analysis approaches for a representative in F~igure 8. As it tt as jireoviotisly ivlvtcniiiicd thkat
vane surface dynamic pressure tranksduicer bigikal. thle birst hlarmoniiic aeroily IIimi foiiig fli ittinls for

There is no difference between averaginkg the signal these two comhhressor ojieratilig tojikiitioil were
200 times before tile Fourier analysis and Fourier nearly idenktical, thiese dynlamkic pressure ()liciekt
decomposing thle signal before taking the 20)0 differences are atiliiited Lo the effect of bteathy,
averages. Ensemble averaging the signkals alkd then aerodyinamiic loainig. Also, althkouigh the level ii'
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loaingaffctsboth the p~hase and the Inagilit ide of (opri Il ti rl*L ( rel'V III 411(4414.

~ l e R e off~i c i e ts d a t a . i t h a s a l a r g e r cl f e c t o i l i t ( . T. w r ( " ~ i I J ; V 3~ . 1 1 l L I C C 1 : 1 1 1ii i l i i . 4L4 I

cef~icienit miigai ide data. 4:1' ~i~t, l44l i

The correlation of these dlynamaic prbr :111 Ilia.gIiiI11114 ' 4111 4 1\ Jlpl, i it I,[( -

S Coefficient data wit If the flat plate c a.4l , c u dv I ti. %%i 11l .l l:1Ie .4111, I I 1 Ill( lii, ,41

predictions are also or interest. 'rie phase of thet. 1:il:ill lidu d:11:1. k, ille 1414 ,,k[ t11 Ii I4

dJ.'ikainic presbure differencee coelhicieia ilaI a sh~ow :1 444I 1 11 kw4 I Ili~A I 4.44 ,Ill 44l.( "'' , q['.I I 14

~Iige lil dillt'reiit trugidl thlan the iiredlictiu~. Thhs .1, 11 '," L I.,r lit ;111% idtill14. i~4~4113 - attributed to the vanie cambler and the detailedl Il*Ir*4.lj.l ll44~4~ii:1 jiijtti
steady chordwise loading distribution ol tlie vane I 41,tl1 44444441 444ij~

,,rav~es. However, very goo~d correlation is obtainled Il"CW'll tl 'IIv- %1; lfo h le -65 incidence angle niagaaitaae data, wif Ii 14 4414[t41 4 144 44Ilti 4~l

poor correli ul fogr lite correspioning -0).1I' ini lt- 44411141(1l dil: %% il '11 4' 4II ,,1144Ii, Ii it'll,

angle data. This is associated withi the steady vauie [14 (c~kad 111:41111(l 1:11 140.4 0:I .11-,
S aerolyraiinic loading level. Namely, thie lprelliction i. 4441it-1 Vd. Tllv~ -1 4.:4ld III -,4I klc( prce4Ir

for ai unloaded flat plate airfoil cascade. enice the dii'i11114(1 iott it 141, 44 for 14l :11V14. 4 ill
goAMIl correlation of thle low steadlv aerodlynamliL 144 1, lilioll 1441 a41 411441 dr41411.u. tho. 4 1 4
loading -63.5i' incidlence angle data anti Lte poi )1 -1 (';1, C1*, IeI'44l [Il i, 1 . :,:iIIi4 . 1144)I In l14144'44 ill, i441

correlaio n of the 11101.l'eL1 loiaiiii -0I. 1' ilcdwt k%41( 11( 44 m ' il4 I ) 14 . lil I o414 144144 441144 444

an-dl iala. lingeneral, ihierelnt airfil dvsigl: ill

is! Ibitti(4ns ai11(] restilting ,I eady lift for Ilie all A( I >N \ Ij)(JEN IL NiS
i l'i-ice aiii~le. 'itis, the level of steual.d ~ 44t 4 Il14l11tI.1l4:l'I ~l4

acr 14. Iinaic loallig, not the lincidenie d116le, iS, I lit I14Ar14(.0lic41"111I C4414I.I).14
L-e PaI ramieter toi obitaini gcod correlation with II~ \\jil 4 i jprt4441:Il111,114l I :1111 4lI 414;4
plate airfoil cascade matlieiitical jikl(1el5.

St 1X\1ARY AND) CONCIAl ISIONS

Co p trb sd ii-aitt digital dlat a c ki ti i td,1 44i It-Ic I I'm44.'' I RP 1 1 1l i 1 It414 (Illy/

1141 analysi tMcliititles, illchidlig llS(1lildt. 1'II414 I44LII441 44t /4,4/44444444 !/.im hinc4y

414(11Iging awihl IVa',t loiigier Tlrain..rogrgls, %%ur(4 2. C llilI II. I IlrI4.'I-I It .,444 >'4Il441

,klc. et ed Fo~r perliod4ic data. 'l'le,, teclkiilalie., wert1 "lI4'IV :1i~ aI 44c1.; 11i 11:11-Il ,I .i
lhen app~liedto (4tlie tilme-variallt -ignal' from11 high Trll:iio4l 4 t444l\l:~ 4 ).41,4

445110fl5 inlstrumen~gtation ll iiite irstst, Age vane roy. \\l . O.1 1' I4j1 -.- /2~ l2
orf a research cclliprezssor. lzrwO .

Ensemblle averaging of timge-variagit signals w'a1-i 1 .IC1. -ll-r4 -I jilc1 1:1Ii-. .44I14
leionstrated andl shownvvg to bigni fleaily redu lce tIllil ;IIl .\jl Til4 hiic Old.ti /44444 4

random~g fluctuations sigp~giuiwobel oil tile p~eriod4iv /P4l/lopl44l alld4 /'444t 4. \..I. I. N4'. 1 44414i

* A gigil. By con~sidlerin~g 14.4 alternativ.e data ailaly-hl',4:I
approaches, it w as- then i lo\% if I hat en-5eIIldl4

Mi averaginlg doe-, not remnove thle iilil o4141cr I. EAiti L;I. 'I l 11414 ,1I414'14
Ijioi iie whiach %votild lie retainled bY a4.4r~l4Iig tlil I I %// 44444 ]I~d I4i''i

Viire 4)1 da4eellipol(.YSC da~ta. \441. M3. .14111, .l

nl dletailedl tiane-vaglant acrodl~lIaIIic [4rvinl, 4(44l14..11. \ \i44.44 . 14
lggagctiog to tIIe lirbt stage value rowv, inl particullar 1Ow\I4~l4~~ "44I 41414444114-4II

pa4.rallel and itorugial ilet' velocity compon1 b,uls .1114 I'll,1444:. I. 144144/ J/4
4

4
4

444/ ,,I

thie effect of stea(I aero13Ilamliv loadig oJIg the /4444444 44141414 . .. 444,f 197.

I'(4lllllg vaule siggace llIM1llu01iC l(4SI . 144. . I I414414.: I .. I\I i

ldi-Atg il tilo, w.cIl( thienii % -iI4.: :Lts4 ;11I iil 4 IIlIi Ii~l4 . Ill it1Ili4111. 1 , 1 .4 .41 1 \ lki ill

Th'le strong effect of the level or aerodjiamli( , 441141II1.441 411 44,I
loading on tlie chlorllwise oitrlitujs~ th, 5Att44114 44/ 4111 II l41

Iiret-ure on thie plrcssml-e andII suctioni surfaces ofr IIn a

iv 4 u ne was shlown. withI lite -0.5" ilicidleiice a lugle data:
S coirsponding it. a low level of aerod(ynamic1114 luad i ii6,

and the -0.1' jicidenice aia~le caseto L4 a 1101 era t4
loading,.

For thlese twVo compllressor operatiiig (llnldition-s.

there were onlyv small differengces in Lte aeI44ld lalliic

forcing figtioii to t(lie st ator rowv, t he parallel mid4
normal inlet v'elocit y coanponiits, with Lte lus t

S harmonics being nearly identical. Also, it was foumil
that these inlet velocity comnponenits were not1 smuall

C30/87 Q IMechE~196117 91
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~ ~ lI~k . 72 lExperimients in Fluids
Si 'irnger Verlig 1996

Th[le unsteady aerodynamics of a first stage stator viie row

V. R. (*nupcce ;ind S. Fiveler

I licrnili Si-icticeg aiiui i'roilim iictr. %I 114'l 4,11 xic( 11:1011. i I iit-i iigu I'ilrdoic I nii,;1. V/e~t I ;it.ivettr. IN 479017. I ISA

%i-frn.. I Il. ieliidiiiii iiitel:ii% Ictfl l~oiIailic'itXtll a %ale lim~ ;lClhiXItIiiiic sollicCX inciiidiiig. for extample. hladc 'vakem
I'I ;III aial; III)%% IvC%:IIdii volipirw'i l tIgC lme 11111i1ii1II iitii StIa'c itlicractiiXii. ima ge;igic orF maick or yaw%. mtid

Im~iamed. deifo pellilt ilte l~ttl, ofik piiiie ulilict aIi iolel filu%% disli Iionsi. As a restiit. the Oiriicimal ti( oailiic
ive jvswlie Iiltiibllll on file fiXt m~gc %:file Ifm anic le93tin- of Nnt. conipt essov. and itihine hiadi og re-OlIntg

Illfililiiied oCt a lailge (if ottpetiiig CoIviltiliX I1c hCactilieied hom1, aierodyn'tami exCcitalions is i a n,c of rafi(y Ill-
iiiIilloisti i :1t.1 ;li C o, relstedIw k i ICt lilom Iliii ~I flat f*c30I g ea i pco ncern Ili( des i oers (if ga t rhi tic eng i nes for

Illa~te c;m-isc : iii Xd flow miiodel~ A i lie heX i ti poin flet tiff I (IX . tied I ethiii ii 'py ap pic a itis.
stcu Il pesslirC tliilet lcve tolef Iii tc i i (:1: exh ski l p"I Coil el -

lionl "~tillive fooseprlted predictifioX " ilkl filc :erotNiftiiiic Act odl ,iaoicaliv itidiiced failitre ic ci %vihrilorv re- -

I'liaw lapg 41:11a exhii t op H aiit lCIod%.%iXC coil eta Iii' I lie (Ii al i- q)(Insiic%, (if hiad ing occuor %%lhen a Periodic ;icrod yn imi c
IafC In e h is I;Ig di Deei cce are .iSsoci ated %% it il e Camb er of %
Ilie aidl. Ali al ict IIion mot face fio%% sepai alion region i- ili l-iiiiittn sl re eo qtaIt ~ t iate'
titaIld lIe ;te:iv stale s;ilfface stat1ic pi C,;- llC data as4 file ;lef41- tc,.oil~il fieqtliecv.y acts itpon ii a il Foil row 1 le oleral-
(imic loaimgt i- i nie-aset. I his %epatiintfro- lifste intien~set ilt.! Conldil toil at "h icii these aerod viamicallv forced
iliid ell- :a10 ~i-e ostdiv plic dalI 1:1a. MiadIcep io-ss maN oct ir mte prdce witih rec-tency'-

I i~l iii ,nb~ilqs 1;ccd resonance (ir Camtpheill diarain WlS( ates 197R
Vi- oi -%~htlq llc d-plv fle 1:11aitit ficqItics of each hMade niotie

' ct~lis itito speced. %%fi fitlte excitatin sourtce variation -

%%fitll itlor speet sillPiifliotsCel. as SCheliilat1lX derce

lilloil llt'OI "it I if! I I lie itiftectitii piits define life rotor X11e(Is at

ol ~ - ~Il i( 11 ii lit I CPfllt'CS miay he Founid *

tji IiioX cXcI. ( miuphel l iaigtiais give no indication oF file Ut

iii~iititc iiiik1/2 f ;luiililmde (if tile respiltie. Ilife response amplitude call
II if011tiklie clelcrtiii iied by Fit si relating the periodic eicihtI-

A' 1illi1ihel III it'l'r illioliS ;1nd( Illicileis :ictutig oll tile indi%iili Haudes Tilie b'lade
fly thiilliic J'veCXile Ifilleifilux I sleC:411 then lie piedlicicl bv mmna 71ip ftilte Iti ;ic-
1/1 Static plesile 4llilCleic. F, fiu't of tIice tiulstc:IuiI, FotIce and Inolliils %%l fitlte strt-

~~~~~~~~~~~~~~111 stti ii cillihelt~i~Ii a l~raictistics 'iF tile himtiug. accotipisiieti tIlrotis!Ii
I, totut hMade hr s;peed

'/ U iiiiigiitiviil peltlltbio e'cl cithiet a class;ical Nem' us second~ imis ,approlchl 0f uing
I 116011 or aI haance of etiergy techniqute 0I 1mtiak&

- Absiie:~a lti leeier 190 194-11
trimm pel'~ till Ilmtoikt' X

lot atioii of" ptlma iuitli I lie deCltipiiii'tit of C;1sC:Idc ;ioImlse to Predict thle
fl ifilet aolpie tiii-stca(k IX trodXililits it Itig oil file iadiiig Is ('11i C111iX
0 ifflet aiir fI,kii

:i1i tlen, of I ltitlailihlIescatthi iterest. for exaiiipe. 'lie

blade assio.~ ;iip~iiir flilllei( iiiius g rdfeleilce- I ectet 1971 ; oidstein & Atasi-i
19?76, Veidoi & ( aspai 1R I9 iiglert 19R2: Nap;isiia &

I Introdisclinn I ;uiga I'4R4 I iits. tife tinstemidv actodI~ilafii foices andi
tillililehits acling onlfile iniid(lial himlcs canlot. Ill

DcsillciXC aclodtl;Iiilic fu',ced ICsolc of liirbliia- eciil~. lie piedicted As :I resdl. tlie atophittide of tile
ch inery hiliding have been geoc iled by :I %Odc %ici (If Mas O iliniig response cannol ihe :icciirateiy :ai'. ed
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X) Enqmeo Order I able 1. -\Iitnil 111c.1i1 '"c.Iii 3;I4tc4t and comlpressof

6 E 
1o g o r S ia to r

5E I\ieII l(*ll14 ( 4
NtJ oolici ti 3 Ih&c 41 41

Soidf 3 S114 1 09
4E 7 95 27 7o3

st;Igger angle 16 -36 1
ASpeCO lal 40 203 2(
1 Iiickoces/echoid M%)33 (

R164oi-statol axial3 spat.14il 34111111 22 2
OI )il a~iauI scI'ct 13oCICIN/NCL 1230

Stagei' 11csoi I;I~ I34 M I3
I11oh/3fill dillicilt; (P11 4

1i~c EO~ 1111 4)4c. 31444443 42(3)71

Roaiimea Speed, N- RPM 11) 4(IliCc tie tdC\ ClI)4IiIII tIII tIiitdy dICIo(IalII;434C

f 1g. I. Caj IllpIheI diagi dill modelsC1 
itiiI 14) CS a3tlIic Iicsw .IdS.433ccd iffliII)SC f., 4'.Cli t

C\istIillg ones,5 (Lla 411)I44IId 114134 C\IpCI llliellts s lch

modelIC lite. hindl(ICiII tiilslciidy pieill3cia~ I11ltil ll3

3lio333lIcIhi:3c bladesI I4) lc lek icmited I lie obhcuisc of'

(lic e.xpici liicills (IC5LlIb l)licie Cis it) I4 43cs31gmet (lie

: 4 3 3 lo t " ;Ik g e tic i .g c d 1 4L 'L C 4 I C lsI) )I % till ,l e ild y i~ dN44 1
l'tIlllIC, oil J3 %~ile Io%%5 Ill a4 I1tillil-silge cotipressoi Ill

lillicila. [lie gr'Itu %%;Ike geiicialed chld%idse (listIihit-

5.x 314431 4) ll te IIIIit' . 'itiI.ice I)ICS'tIIlc% oil1 tile' IiIt'.d3

%illiC 1415 of1 I4 llitce sIl43,! mIill 3144%N IcCil.411 co411ic'.5441

3444345 I licsc 1.1t;a mei cm4 I CIcd fill1 ilipp3i lalc plcdic-

Th~ot33e lifes 1IaIN ltdi~tCl lic34 CI344lt. ie~ Ill,,[ LIIC iii ile

4F \.ile"443. I c ois ,1C st, lo l %ikcc c il [l. e I l t w fsc cuoli (44 o4

fig.4~ f. StlvlaIs Ill( llo4 fINI~l IN is (ic s.1 4 y l IC I1it .1 L3441 mode fle)X3( hi 33i 1 )3i he;II
11 t A g IO(IIl4im:h 3 piclcli 4)1 lnt SCIll) 1' lte 8 sai l

111cl l,101), 11 10 11 fle.1 IIId l c i li e 4.'344 IICS filet

.134 11g 3. 4Il~4flht4~ 44 314 celag ie'e~il, t4413j)3~s4i 'clItlli '1131d piciil . 1 44441p3C 'In fles 43 C t 314Ildie-
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lte IcSI %CCtioll. %'Olicli has an;IIIiiis %%lii conistan hfifh file piessities mid teniperatdittes Iltotihotit tire comnpres-
It. oN il) :1i i l ip (11.42 ) iidaiietcrs. I tic exit nlo%, ttiiii so, hlid e pet itittillp life cc'iipte-or operating tnitp to

tile test sectioni is tliiclel throuigh a series or nowi~ he cetermiiiiedl 1 lie coiipressor mapt is Ilsed to) clefitie thle
stiajieileiters iinto aI miitiii meter "h ieh cnaihle tile mass opetatim! points. iii her is (if ne, all pressure ratio mid
flow rate to he dicteriiiiined. To llurittle thre comipressor. 3n11i ci ctlec Ilia-s flow rate. at M itch file mnsteady suirface
adilistalie plate is located at file exit of tile chiltusei (1 tile pi esstie t1imie ictiis mie obtained.

ctif it i. Stead data (:1: aC(Ildisitioli tcillii" tile rtiaidarcl
1 ;101i of tile thriee i(dtlliial comliesmil, StIges coliskits eta;liimioi pioicedtire. All life -elected ctiircctccl speed. tife

of .51 iotor blades anld 41 stt1of %:fiii,; I leIICC. the Loniclssor is stlibiimd for approciuatels li0 tiiltihes.
ibladeh.,I phaser anl ' hs se iinsi 5 after %which thie steady stnte data aedllist i s iil'tiae(I an

I ie~se fice % (iftex dcsigt ;fi tI'ls Iva% C ;I III Iiist C 1 qseiii tlIII lI lledl I1N, :1 N' W It I coiiipiihei . I tie dauta Cl thenCI
poolile. :1 clioid ofi 10 mii. mid :I iiifitiii tliickiieS-to1- :ttr;lit. ;d. 3101 thle coll icd iiias no%%. piesscuie latlo. aiid
thtiitcl itic 0,10 1)t lie msciall :111 toil :iii1d coiilitc~sut C"I'teecl ;ptlectl deheiiiiilled.
chairaclei isics mie pI'esetitlec ill I ablec I [lit tieajilll i data1: acctitiiii anld ialsiNsk tech-

111clie used is based oil a data ameaginig or siial
cniiicemet coticept (( ostelow 1977). 1 lie key to stich a

3InIriiiinlilitti iis~iitiicit~tiqiu s is~l tuliiitdle is fie alilits 141 salliple dat11: at a pleset tle.

Ii i vi*te flowIsi'lfyiisiltl o peN Iiele lte Maduue pa~ssiing ei(ltieiit I lece. :ft ptical enicoder

c(Ilalkspaed ilcililefel~iI11. :I~o% fie Ilewmellcil mi ieul ;is life littleco chat; iliation re6erenc touige

lftle st ti pissune heiss ell C:t(.l Madiue i'sIi imsesing fileA1 utpee hssscl scpheo

geair ins-trumet stationts pis uled beiss cen each bIli(C row (hiti/iiL sioliikisi I~nli iucoiist Mt rates to 5 ilIegatIICIt?
;ie Itsed tol itleasulice iiie:itr Iloss incideiic ;tripic of) file per cltiiel. stotniig 20)49 data points per chaniel.

filust qtaue stator %-;file, ( tioids 's dish i ibt ois of %;il lte effect ouf ascrapiig tire time-s'ariatit digiti~cd
sinu t'ie satic presstii taps alie itsel ft determtic tife p essit signlsl fi'oili thle blade nIotiglited dynlamlic pies-
steads' actodimiI~i nic hiarlitig A Iluet uiiuititle and Kicl sInf C t11i au ticets was cotisidcemt. I igure 4 displays tile

Iliube loceatedl duIsstitcani te se t iit' lewi file Com cifl-satiaiit presute signal Fioi tile 14.1M chord PIes-
plessor exit teuiipet:itiuie andi totall pie';tn e. t espctiscl% . sie stitlace cI11111l naie pessulre trnsduicer for I rotor
Ilie mass- tiosi is nIic:isIiicc \61s fitlte caI~lwibated setitit I ics tiiot anid as etaged (i5C 25. 50. 75. and IM roitor
iiiter Ii calt do\%uissoicain) ofil te ti inipi IsCA witst~ iol. w~it'uttjot As etapig is scmi to gicatlv mtelice lte rait-

A himilt ru'uiited (itt toouthi g'emir ;ui iigLiiic picktip clout1 I'lucilgatititi sijiclimuposcdl tile liuttiitinlic pressure
pi o idle tlie rotor slicedl stIutil Also these titie-%ar iattt pi esstile siptius mte esseil-

Ilite Iinstead\ ul;1i;1 oit I iiiiu:tg1Iietit il itieleS ;ic lte t ;ilts tititlialiLecl 'iti as c d over 7S ot ilore rotor

cliiils e dIsh tliui io tIfle titiles~ tititea %:611atilec- IC lttt itils

s;lre diltereici actims Ilwc tiitlliiie ovi lite ltst stage statui At eaIch steauly state operatinig point, ani avet aged ltle-
%.file. t hese data atie otiiii'ch t-iine Kithite tliiti-liiie \a :tiit (tall set. erinsitig oft(the Kidle dnmcpressure

rlesiuln d niiiic picsstne tii utsdtccis I rso itlitItitietited ttaits-(hiteCr sigpuils dligii~el at a1 rate of 20 kI7 hI ai
s ines ;itc ed. Ilite'miiii stinlt lifs toe \:fle and thle as ctlped'clsi 1010 oo tesolrthiogis. %%;Is ohimiicd I tie'e
piessite sillace cit tlitoletl' te tiiiect ss \itli these i ioo t esoltitions- %%Cec tuio cotiseciuitile i to tlie fitutle
timinsqticcrs ait 1.1 I. 21) 1. .17 t. :atlcl 6 1 7- . oitlife stuot \:fiie litte teiltiiich o if e Al1) itiitiphect tosamille

chod.toIlilillim;11\11m i"llkows oiiacdI lte dta~f midictre tomtiupttr to then reach t11C digitIIec 41;ta 1
file tiaguscliccis. tilt e\ cti l'dilecl ill tile \;Illcs atud I ut-I oh these cigiti,'cd sigimls is; I citirier decrittipiseh

ti'iiitil to tile stiffa e his a1 st~ti ,t't tic :11 ithl tile tuu i li rittit's h\. luiis oit ai II F ;lhgoiitttiu I iteI ,
leadh %%ies% placed ill tiille'd slots ;inl icld out1 t11liuh sttims mi1 C,(Iillic (if this clecottiicsitloll for file I-i l' -
luolloss t, u11lilns tiese s a t's ic luitmttt l ilte stat1of (I otd piesire suit late tiatisdctr sigial As scen. tile
s:fie tow soicl that aI comttplete I'llis p;Is-,IPe is itistiti. ti :ttisdice sigtial ccriutaiuis :I couiitiaiit I'inlauiictutal tie-
Iletitecl. dltcit-v- cc~ltml to thfe bile pissing trec(tictcy miicd aI iiuch

stutil1let se-rcl liiuinmic comipoinent. Ili addition. lte
:t\ c.Il uuCc signal csliiis mlituimlal ninl-liaimotlie contlent.

4 Dilmatniinadaai6tI tom this I mitleir deconipoisition. hittIi thle niagiliule of
eat i cciniiunc mnd its phase lag as, reFerenced to lte

Ilie ste;iclv state uhit1;1 ol lilCIest ificliude. (1 ilte static optic-tI cut-rider pullse ale deteriltilecl.
prmes il fitlie stao %;liate sinmlje. ten oil Ills ilec I il Ii :t sc gIcpts li ts eacy act-docl ha toic a1ima '.s e icc1l

Pqchordsise chirihuitluis oiF slilllace stai c pi essunl f aps: () tile itistearly presure diffrence across tlite vane as a Fmiic-
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S lionl (f aji fuil choid inltl 101 ii of, all inliemdy pies~uill tioth alt tile leadingf edge tralsIisdei locaiil 111i.%. tile
dihlleence coclhiieent anld all aelixlnainlic phase lag Ilite I iial lill to o tile time-va, llit daal consists of all linsideaI
ml~eauy preire di Ilcienec coeflicietit is not il ~izied pievite dil'ifeieitcc coefficient,. C ,- and ail aeiod~inailic

%%~~' Ilh lespen io tile liltd slj itlerie af tthti flo ;%fillr coellcien In

lit ma iI\td o/ [lieiu lialslis fli-t. tI licideiice lingle

phase~~iiucii anal is Illcleased liott at) nlscs gila li edn
-tv o110 tile ilellill)e ljltiti Henceiti titlas) cllaic [liet s lc

e'Pe liil 7lel ollail Prces fi dal /~l ;i 1i Hsill~i niae ~tesai isi aa

Nllme iiil eaaee andod Illatilicd loaing ague Wiltliin [lie ol th
r~~~~~ / , / /alie satii Sin1l lis ,~g vlesiace stati isitedt silic lie 

(1ljlibillll 1iessil fc~ialeo ll t:le ofilit eerdgem region Oh

N- 50~~ tille slt h~ic I iiis. tIoh ncidc oig isuilins at
4tei1) dpalill ile piilpl Ilii hus stati sm oslitionii lie

-fI l\ I O I ilni l nitsaitt tati L11 eSsul lilli to 5(IiiiC101hat tttoie

O~~~~I 1* p i te a hue hamit i liii tletictase. tl o 2.9 mici i4M 1Ttaalot m~iae b) fileo sl>i pie')r daoh
~~ -Ili te-m 5tlte imtic tie anle st 0',i liti l insead Cuies

N--25. 111lease LO~ilI tlil .ietloadiliilti Th se l alg dutaf aile

(SE~~t 0'aol cl1ieu s tilc p"Cuioli ultSiued thi 011is llcai of aet

Fig 1.h~iilucd '~~~iCsi~~it ~l~i~g~l ovr Nrotr tsoti- h\ illligs pililli opelichi CIll isi h pli\ ioscud. i litae

SV2nt ilolgap al.ila lh i te g oildpi Il I 11 11ll icrasd cton2.9heis t
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Incidence Angle, deg gI'loI t i siihmnic cotrtprcssihle. nnnscparited steadyl flows

*0 6.9 lm~t aI f%%-dinic int,;i flat plate nirfoil cascadc. %%,illi

-7-2- pI)\cd lldi( conscccd dos isteatli. Fig. 7. I le parametersI7 * m odelcd iticiide the cascade -oiiyaw ,A sagger angle.

0.25 -Suction Sur facer Open Symbols Iw lClii Cihlalce rhllsc ang)ic. th iniitet lacli numbehr, aid

Pressure Surfacez Closed Symbols the icdlnccd licqutcs

&A-9-1-1-1 I i Lille 'i ptcscnts; tc IIntIcaIdN pICsstiic d1:1t: at1 [lie
'tc;,iI (tic ii poit - 2-1 of inciric.tgethe50 75 tOO%%ilfl loili--belac . adtealopac

~ 0 2  (1 til II uics i tile t !LaChI - (0.1) pic(hicutins. f ie tlitfrci ncs

-0751 PERCENT CHORD tlic Iittlet (tl 01.7 "Ivhicht is Iii the timigc Mshciciin cotipics-

(hold 6.witm ttc ~ cclcci i iiti'io i u oipicssihlc Ilo"s dh;t. A-s a restilt. all of tile iistcla(IV

(lii It:, piesentfed atce cot i dated with the comlpressible

M Nacd - I) I) fit ed icti ~ll,.
IF As A1lso s Cell Ill I ig. S. good cot IClaionj esists betweent

tile iiwocad pi essi e diffrenice coefficient dait and thc
pi cdicliott. iiil both (lecreaiiig with, itici eas;ing chltd-

%%kis po-it i iI hlos cset filec act ody nan tic 11h1:1C lag data
S cxliillit a s''nie's at Iilffetetit chtotdwise (fish ibitifoti ilt

tihe piedicittio Il alit kr.fo pha~se log a fr;

M Il 'C;Isc Mid Ilit deue.I;tse lttisc to Ihic Ml ple
w . - --------- c pi cdi(fitt as, tlic chinid is ttas rersd. I hi-, irsult isa __________Ku__ ______ :lilt ibii to the camber (f the Malor vane. ig9

cttt'c coc licictit data1: %%l tile tiowiepataicr ptedictioti is
;:sotitlifs1 poih. %%till tile data ;(idcreasedh at 47.4"1 chtotd

I-f! 7. ( pcirIiaine l mi oudel Mtid JIiLehills mcieased at( 61 7" . chord as coiaImcd to thle
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Unsteady Blade Row Interactions
in a Multistage Compressor

V. R. Capece, ° S. R. Nianwaring, ° and S. Fleeterf
Purdue University, We t Lafayette, Indiana

A three-2a e reienrch compressor hat been ofilired to Investigate the moltatlage blade row Interaction st "

aerodynamics for the firtt time. Ihe aerodynamic forctslg function a- well 2s the chordwiqe diqtrlihnlon of~the -ifeady -tnrface preq-nrr; anti the first harmonic on-tiesty previnre dlffereneq on the [trqt and -tecond site..-,
stng r vane rows were etrperlmenially determined over a rartte of ciperalingl and iteomnetric conditions;. 16- .7. ,'-
qefrllq of esperiments determined OWll the complen uniteardy aerodynamic loading on dnvvnqtream blade rows.:=
Is directly reltraed to the forcing function to the blade row, with flhh forcing function significantly alffected by

mnltistate blade row InteractIonn. These resnits hive an Implication towards the modeling of unotwady sero-
dynamic blade row Itnleraclon phenomnena. Namely. the variations of the second stage unsteady daa with
forcing fnnctIon waveform cannot he predicted by harmonic gtil models.

Nonienclature rotor speeds at which these aerodynamically induced vibra-
h =airfoil semi-chord tions may occur are predicted With Campbell diagrams.

Ap I lowever, Campbell diagrams yield no information about the
C, =dynamic pressure coefficient, amnplitudeof the resulting stresses.P ... W V/V,..w) The structural behavior of turbomachinery blade rows in

=static pressure coefficient, ip) erms of airfoil frequencies and mode shapes can be accu-I = incidencessuree rately predicted front geometric and material considerations.

k = reduced frequency, (cal lV,1,) ilowever, the overall vibratory response of the blade row is %
N =number of rotor revolutions influenced not only by the structural dynamics, but also by %
S = stator vane circumferential spacing the unsteady aerodynamics of the blade row. Unfortunately,
U, = rotor blade tip speed a general predictive capability for the unsteady aerodynamics
u =longitudinal perturbation velocity due to periodic disturbances does not yet exist. Thus, due to
I =-absolute velocity the inadequacies of current unsteady aerodynamic models,

, ",,,,~ = absolhte axial velocity accurate predictions cannot be made for the amplitude of the
q = Iransverse perturbation velocity resulting vibration and stress.
0 = inlet angle Small perturbation models for tlhe periodic disturbance
AP = dynamic pressure difference unsteady aerodynamics have been developed which consider
Ali =static pressure difference, I-Peil a gust convected with the freestream past zero thickness
p = inlet air density cascade flat plate airfoils operating at zero mean incidence in ., ,,
W blade passing angular frequency both subsonic and supersonic flowfields, for example, Refs.

1.3. Atassi' has developed an analysis for incompressible
unsteady flow past an isolated thick cambered airfoil in-

Introluction eiding incidence effects. Caruthers' and Caspar and Vet-
(on' have developed subsonic compressible cascade analysesT I 1W demand for gas Itrbines with increased durability which consider thick, cambered airfoils operating atT ha, made time slructural dynamic reponse of turbo- incidence.nlaciner blae o toper (li nerrlynmic oadig a To verify such mnathematical models, experitnents in single".'

problem of increasing concern. in pariticular, as part of the stage research compressors have been perfortned." The
engine design process, the alternating blade stresses due to upstream rotor wake and the resultant First harmonic
resonant vibratory response must he predicled. I lie failure to unsteady pressures on the surfaces of the downstream statarace~~rarelyd pressunt for thie vibraaory ofavo the dowstea stator
accurately accoutnt for this vihratory behavior cam lead to vanes are measured and correlated with predictions obtained
premature engine failure and redtuced engine life. from harmonic cascade gust models.

Vibratory responses of blade rows occur when a periodic Ilowever, these analyses and experiments consider only
aerodynamic forcing function withs frequency equal to a one blade row at a time, with the effect of the upstream
natural blade resonant frequency acts upon a blade row. hlie blade rows represented by the harmonic aerodynamic gust,

i.e.. multistage blade row aerodynamic interactions are not
directly considered.

Presented as Paper 95-1134 at the AIAA/SAE/ASMP/ASEr 21,t In this paper, tIhe fundamental multistage interaction gust
Joint Propulsion Conference, Monterey, CA, Joly R-I, 1995; re- unsteady aerodynamics of nonresponding airfoils are ex-
ceived Jan. 29, 1986. Copyright O 19R6 by S. Fleeter. P'jblkibed by perimentally investigated for the first time. In particular, the
the American Institute of Aeronautics; and Atronuiks, Inc., with aerodynamic forcing functions as well as the chordwise
permission.

Air Force Research ih Aevo Propulsion lechnology train-, distributions of the steady pressures and first harmonic
Shermal Siences and Propulhion (enter School of Mechanical unsteady pressute differences on the first and second stage

Engineering. Student member AIAA. statot vane rows of a three-stage research compressor are ex- , '
tProfessor, "sool of Mechanical rigieeering; and Director, perimentally determined over a range of operating andP 0 " n r ' 't I '! A "A ""3 ' '"" "P4 ;- ",, .r " I" * ,,- •.,. . . . . ," " ,," " = "" "'%
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Research Compressor channel is corrected for tangential cooling effects, with in-

The wakes from upstream blade and vane rows are the dividual flhctuating velocity components parallel and normal
Sprimary source of the unsteady aerodynamics on the down- to the mean flow angle, i.e., the components of the aero-
stream blade rows, i.e., the upstream airfoil wakes define the dynamic gust, calculated from the corrected quantities. For
forcing function to the downstream airfoil rows. Ilence, it is this velocity and flow angle range, the accurcy of the veloc-
necessary to experimentally model the basic unsteady aero- ity magnitude and angle are * 4% and ; 2 deg, respectively.I dynamic phenomena inherent in this time-variant interaction, The airfoil surface dynamic pressure measurements are ac-
including the incidence angle, velocity and pressure varia- complished with Kulite thin-line design dynamic pressure
tions, aerodynamic forcing function waveforms, reduced fre- transducers. As per the steady instrumentation on the stator
quency, and blade row interactions, vanes, only two vanes are instrumented. The suction surface

These fundamental phenomena are all simulated in the of one vane and the pressure surface of the second are in-
Purdue University three-stage axial flow research compressor strumented with these transducers at 14.1, 29.1, 47.4, and
(Fig. I). The compressor is driven by a 15 hp DC electric 63.7% of the vane chord. To minimize any flow disturbances
motor over a speed range of 300 to 3000 rpm. The inlet sec- generated by the transducers, they are embedded in the vanes
tion is located aft of the drive motor. In the exit of this sec- acd connected to the surface by a static pressure tap with the
lion are 38 variable geometry guide vanes which direct the lead wires placed in milled slots and carried out through
flow into the test section. Three identical compressor stages hollow trunnions. Calibrations of the transducers showed the
are mounted in the test section, which has an annulus with accuracy of the unsteady pressure measurements to be
constant hub (0.300 m) and tip (0.420 m) diameters. The exit 3.5%.
flow from the test section is directed through a series of flow As schematically depicted in Fig. 2. each set of instrumented
straighteners into a venturi meter which enables the mass vanes are located such that a flow passage is instrumented.
flow rate to be determined. To throttle the compressor, an Also, the cross-wire probe is located axially upstream of the
adjustable plate Is located at the exit of the diffuser of tle leading edge of the stator row at midstator circumferential
venturi. spacing in a noninstrumented vane passage.

Each of the three identical compressor stages consists of
43 rotor blades and 41 stator vanes. These free vortex design Data Acquisiion and Analysis
airfoils have a British C4 section profile, a chord of 30 nmn, The steady state compressor performance data acquisition
and a maximum thickness-to-chord ratio of 0.10. The overall follows the standard evaluation procedure. At the selected
airfoil and compressor characteristics are presented in Table corrected speed, tie compressor is stabilized for approxi-
I. For the case of rotor generated forced response unsteady mately 10 min, after which the steady state data acquisition
aerodynamics, the interblade phase angle is specified by the is initiated and controlled by a PDP 11-23 computer. The
ratio of the number of rotor blades to stator vanes. Ilence data are then analyzed, and the corrected mass flow,the interblade phase angle for these experiments is 17.56 deg. pressure ratio, corrected speed, and vane surface static

pressure distributions determined.
Instrumenlatlon The time-variant data acquisition and analysis technique

The steady state data of interest include the overall com- used is based on a data averaging or signal enhancement
pressor performance and the aerodynamtic loading distribu- concept.'" The key to such a technique is the ability to
lions on the first and second stage stator vane rows. sample data at a preset time. In this investigation, the data

,' Conventional steady state Instrumentation is used to deter- of interest are generated at the blade passing frequency.
mine the flow properties in the compressor. The inlet Ience, an optical encoder, delivering a square wave voltage
temperature is measured by four equally spaced thermo-
coples at the inlet of the compressor. Casing static taps,
equally spaced circumferentially, allow the measurement of WAOe 3Sk M S,.
the static pressure between each blade row. The traversing MOOM Tht
gear instrument stations provided each blade row are used to T
measure the mean flow incidence angle. A thermocouple and
Kiel probe located downstream are used to measure the con-
pressor exit temperature and total pressure, respectively. The Stotligenm Flo
mass flow is measured with tie calibrated venturi meter
located downstream of the compressor test section. A shaft ic8. I lte-s t l flow research compressors.

, mounted 60 tooth gear and a magnetic pickup provide the
rotor speed.

The steady state aerodynamic loading of the vate rows is
determined by instrumenting a pair of stator vanes with I able I Airfoil mean section characteristics and compressor
chordwise distributions of surface static pressure taps. It is deSgn point conditions
only necessary to instrument one pair of vanes as the first Rotor Stator
and second stage vane rows are identical and inter-
changeable. lyre of Airfoil (4 C4

The unsteady aerodynamic data of fundamental interest Number of Blades 43 41
are: I) the fluctuating aerodynamic forcing function to the Chord, ((mnm) 30 30
first and second stage stators, i.e., the wakes from the Solidity. C/S 114 1.09
upstream blade rows; and 2) the resulting chordwise distribu- Camber 27.95 27.70
tion of the complex lime-variant pressure difference across Aspect Ratio 2.0 2.0
tie chordline of the first and second stage stalor vane rows. Iow Rate (kgs) 2.66

The aerodynamic forcing function to the vane rows is Rotoir Stator Axial Spacing (mm) 22.2
measured with a cross-wire probe calibrated and linearized to I)esign Axial Velocity (nt/s) 32.0
45 m/s and *35 deg angular variation. The mean absolute Rotational Speed (rpm) 3000
exit flow angle from the rotor is determined by rotating the Number of Stages 3
cross-wire probe until a zero voltage difference is obtained Stage Pressure Ratio 1.003
between the two linearized hot.wire signals. This mean angle Iulet rip Diameter (mm) 420

OR is then used as a referepce for calculating the instantaneots Ilub/lipx Radios Ratio 0.714
absolute and relative flow angles. The output from each Stage Efficiency (%) 85
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014" '~ Fig. 4 Fourier decompositlon on averaged unsteady pressure signal.

IKulite dynamic pressure transducer signals digitized at a rate

07~ of 200 Kliz and averaged over 100 rotor revolutions, are not
4N-00 consecutive due to the finite time required for the A-D multi-

- b o o o 0 o 4.0 5.0 plexer system to sample the data and the computer to then
TIME tmsd.c read the digitized data.

FIX . 3 Averiel"inl of "uqleedg' preqlire 41mncb. Each of these digitized signals is Fourier decomposed into
harmonics by means of an FFT algorithm. Figure 4 shows an
example of this decomposition for the 14.1% chord pressure

signal with a duration in the microsecond range, was surface transducer signal. A seen, the transducer signal con-
mounted on the rotor shaft and used as the time or data ini- tains a dominant fundamental frequency at the blade passing
tiation reference to trigger the A-I) multiplexer system. Iiis frequency and much smaller higher harmonics. In addition,
system is capable of digiti7ing signals %imultaneously at rates the averaged signal exihibits minimal nonharmonic content.
to MilIz per channel, storing 204R data points per channel. From this Fourier decomposition, both the magnitude of

The effect of averaging the lime-variant digitized pressre each component and its phase lag as referenced to the optical
signals from the blade mounted dynamic pressuire encoder pulse are determined.
transdocers was considered. Figure 3 displays the time- Figure 5 presents the digitized signal from the trailing edge
variant pressure signal from the 14.1% chord pressure sur- transducer on the pressure surface together with the sum of
face dynamic pressure transducer for I rotor revolution and the first three harmonics of this signal. As seen, the addition
averaged over 25, 50, 75, and 100 rotor revolutions. As seen, of the first three harmonics yields a good approximation to
averaging greatly reduces the random fluctuations super- the signal, thereby demonstrating that this signal is com-
imposed on the harmonic pressuire signal. Also, these time- posed primarily of the first three harmonics or the rotor
variant pressure signals are essentially unchanged when blade passage frequency.
averaged over 75 or more rotor revolutions. From the Fourier analyses performed on the data, the

At each steady state operating point, an averaged time- magnitude lind phtsk !pf th I. r
.",--
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- the wake generated velocity profiles with the first harmonic ,3 PERCENT CHORD
surface dynamic pressures on the instrumented vanes, the 200
rotor exit velocity triangles are examined. Fig. 6 shows the
change in rotor relative exit velocity which occurs as a result !9
of the presence of the blade. A deficit in the velocity in this
relative frame creates a change in the absolute velocity vector 0t
as indicated. This velocity change is measured with the -J
crossed hot-wires. Front this instantaneous absolute angle W a
and velocity, the rotor exit relative angle and velocity as well U)

as the magnitude and phase of the perturbation quantities -200-.
are determined.

As noted previously, the hot-wire probe is positioned Fig. I First harmonic unsteady data correlation for first siage
upstream of the leading edge of the stator row. To relate the vane.
time based events as measured by this hot-wire probe to the
unsteady pressures on the aane surfaces, the following transverse perturbation is at zero degrees at the vane suction
assumptions are made: 1) the wakes are identical at the hot- surface leading edge. From the geometry indicated in Fig. 2,
wire and the stator leading edge planes; and 2) the wakes are the time at which this would occur is calculated and
fixed in the relative frame. A schematic of the rotor wakes, transposed into a phase difference. This difference is then
the instrumented vanes, and the hot-wire probe was pres- used to adjust the pressure data from the suction surface. A
ented in Fig. 2. The rotor blade spacing, vane spacing, similar operation is performed on the pressure surface data
length of the hot-wire probe, and axial spacing between the so that the surfaces of the vanes are time related; i.e. tie
vane leading edge plane and the probe holder centetline ate relating the data results in data equivalent to that for a singleknown quantities. At a steady operating point, the hot-wire instrumented vane. Following this procedure, the first har-data is analyzed to determine the absolute flow angle and the monic pressure differences across an equivalent single vanerotor exit relative flow angle. Using the above two assumip- oiprsuedfrncsaosanqivltsngeae
tions, the wake is located relative to the hot-wires and the at each transducer location are calculated. The final form of
letinedg f th e instedrmelatie toe hctwir and t re the unsteady pressure data describes the chordwise variation
leading edges ofs, e instrumented vane stction and pressure of the first harmonic pressure difference across a stator vane
surfaces. From this, the times at which the wake is present at and is presented as an aerodynamic phase lag referenced to a
various locations is determined. The increment times be- transverse gust at the airfoil leading edge and the dynamic
tween occurrences at the hot-wire and the vane leading edge resre cust,
plane are then related to phase differences between the per- pressure coeficient,
turbation velocities and the vane surface. ,x

To simplify the experiment-theory correlation process, the C =
first harmonic data is adjusted in phase such that the 'P ..$(V/V.,,)
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INCIENCE SUCTION PRESSUREResults
UNRGL E SUCE SURFACE The objective of this series or experiments is lie quan-

ANGLE S tilalive investigation of the blade row interaction first har-
- lie* o a monic gust unsteady aerodynamics. This is accomplished by

13.4 °  
A measuring the aerodynamic forcing functions and the chord-U wise distributions of lhe steady pressures and the first har-

g g 9 t 9 9 monic unsteady pressure differences on the first and second
z 25 -stage stator vane rows of a three-stage research compressor

0 " 50 i5 o too over a range of operating and geometric conditions.
0 a %CtHORO The chordwise distributions of the first harmonic of the

0
8 complex unsteady pressure differences across the vane rows

-0O 5 are correlated with predictions obtained from a periodic gust
model which considers the inviscid, irrolational flow of a

0 perfect gas. This model 2 analyzes the uniform subsonic com-

o £pressible flow past a two-dimensional flat plate airfoil
0,.5c -0 A cascade, with small unsteady normal velocity perturbations

superimposed and convected downstream. The parameters
include the cascade solidity and stagger angle. the interblade

-0.7 phase angle, inlet Mach number, and reduced frequency.
The first stage vane steady and first harmonic unsteady

Fill. 9 Second stale vane stfale p esre coefficient dltributlon, data at incidence angles of -9.2, -10.3, and -14.5 deg. are

presented in Figs. 7 and 8, respectively. No evidence of flow

separation is evident in the vane surface static pressure

to I distributions, with the steady aerodynamic loading a func-
0 FIRST- STAGE- tion of the incidence angle, as expected. llowever, the first

.00 I 1- -9.20 harmonic unsteady data, Fig. R, are nearly independent of
W SECOND STAGE the incidence angle and the steady loading over this range of

o 1I-8.3, k5.5 operating conditions. The difference between the zero in-
a 1It 1.8, t-5.2 cidence flat plate predictions and these unsteady data are at-

O A a i -13.4, kv4.9 tributed to the camber of the airfoil and incidence angle ef-
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INE XING OF INCIDENCE SUCT PRESS fects, analogons to the single stage experimental results of
lt~ STAGE ANGLE SURF SURF Refs. 8, 9, and 10).

0%. f 6* o *ile second stage steady loading distribution and the cor-
25% - on relation of thc first and second stage unsteady data for this

50 -53, & samec range of iitcideaict angles and reduced frequency values
-159,ate presented in I igs. 9 and 10, respectively. The cliordwise

025-iS9 static pressure distributions onl the vane sur faces are simiilar
E for both stages, with the steady aerodytiaii loading a func-

fion of the intcidence angle and iio evidence of flow separa-
0 0 d ton. The second stage uinsteady data exhibit the satine overallC0 1 trends as that of the first stage. I towever, untlike thie first50 2 75 too

V % CHORD stage results, these secondl stage uinsteady data, paiticuilarly
0 the dynamic Pressure coefficietnt, ai e a function of the in-

U -o * 0cidenice angle and, thus, the steady state loading.
W 'To understand this difference in the effect of incidence

angle onl the first and second stage unsteady data, it is
necessary to consider the aerodynamic forcing functions for-05 the unsteady pressure data, i.e., the upstream wakes iniping-
ing on the do~krnstrean stator vanes. Figure I I presents the

4 wake normal perturbat ion velocity wavefoiis which are the
l' 0-5 lotcing funiction to the fii st stage vane row data of I ig. 8.

~~-075 As seen, these waveloriits are ncar ly ideintical to one atotlier.
Fig. 14 Effect of first slage &rotor indexing an second stege van 'ile correspoiidiitg second stage vatic row inlet nointuil per-
stalk pressure coefficient. tratioti velocity wavef'orms ai e presented in [zig. 12. 1 hese

wavefornis differ sigificatly front (oie antothier and also
froiit tile first stage wake wavelontis. This variationt iii wave-

INDEXING OF lorin of thre second stage forcing function with steady
ls TG praigpiti 0a intiltistage Mlade row interaction et feu,

12 -- 0%waefrttmptaitistsaertrai ttratol.
- - - -25% with the second stage tlur wake beinig miodulated by the

>.S.'file research conmpressor uised in tltis St tidy offers tlte
ability to investigate t his ttiiistage tinsteady blade row

I iteraction effect. 116i% is becauise the first stage stator varies
> G cati be inidexed circuinferetitially relative to lte second stage

vane: row. Thtus, this itriltistage itisteady blade row inter-
actiont is investigated at a fixed steady state operating point1 13 5 1by inidexinig the first stage stator row relative to tlie second

z stage vatne row, as scheinatically depicted in Fig. 13.
2 Specifically. with the first stage stators imndexed 0I, 25, 50,

/09 and 7501, relative to the second stage vane, comnplete steady
09f. U;m'es a unsteady seconid stage vane row data sets are obtainedTIMEIntoc)The circutmferential inidexing of the first siage statot varies

ire Itas no effect ott the seconid stage vanec steady state loadiitg

Fig. IS Effect of first stage stator indexing ont second stage van distrititiotis (Fig. 14). hlowever, it does have a significant
' forcing function waveform, effect onl the wavetorit of the acrodynaimic foicirig function

to file secontd stage vaties. In particuilar, Ithe relative stator
positioi ig r es nits ii the itiod it itiott of thIe wavefor in of tlie

STAGE secotid stage rotor wakes, as seeit itt Fig. 15. This waveform
2 tOO NDEX NG tiodilatiuti of the pr itry forcing fuinction to the secondLa 0 stage vanre row affects tlte comiplex unsteady pressuire

U.5/ disttibutimis ott this vaitt row (I ig. 16).
U. 0 25 tlese variatiotis of the unsteIady data with for cing nine-

075% Ilion wave fi i catinnot he pr edicted~ by liar mon ic gutst
ti i mdels . Iblis is bccati c lie (iciiiig hoionc ii wave foriis a md
t50iOe titlthitg miisicady piessure distributions have beeni

V)0 l-oirier decoitiposed, sith thle first harmonics ol the
0 tititady data presented. Uhits, all of these first hatinoiic
0 unitsteady data are cortelaitd %with the same prediction cuirve,

00 0 as indicated in Fig. 16, i.e., the predictions from these liar-
t1 ioiic gust imodels are idenitical for all of the forcinig (titlez 0  5 5 too0 5 50 7 tion wavefor ins.

20-Sutnary and Cotncluisions
W A three-stage: research cotmpressor has been utilized to itt-

0vestigate the fmtidaieital multistage blade row interactioni
0 1 1 guost unsteady aerodynanmics for the first time. The aero-

0dynaitic forcinig fieiotis as well as the chrordwise distribti-
0 tionis of the steady surface pressures and tire first harmtonic

0 0 unsteady presture differenices onl the first and secoind stage
-20L 0stator vaure rows were experimntally determined over a

Fig. 16 Effect of first stage vane indexing on second stager sane rantge (if operatitig cotiditiotis, including the indexing of the
unsteady data ot -14 deg of tniscdence. first stage stator row relative to thie second stage vaic row.

-f~ ~ 7 0 1
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174 CAPFCE, MANWARIN(;, AND FLEETER J. PROPULSION

This series of experiments demo.....r.ated the mai~jor effect 2fete..., "The Fluctuating Lift And Moment Coefficients for
of multistage blade tow inter action,. on floe mnsteady aero- Cascaded Airfroil% in a Nonuniform Compressible Flow', journal ofI dynamics. of downstrearn blade tows. In particular, floe firsti Ifirrrafi. Vol. in, Feb. 1971.
stage blade rows modidlted the wiveforn of the aero- 'Enjoicri, C. W.. "Interaction of upstream Flow Distortions with

S dynamic forcinig fuinction tn the second staoge vane row. 'This hfilh Mach Number Cwscadeq." ASME Pape" 82-GT-t 17. 19A2.t
has no effect on thie steady loading of the %econd stage 4Atastii. 1t. M.. "The Sears Problem for a Lifting Airfoil
van"e, bt does have a stignificarif effect on the resulting Revisited.-New Resultst." Journal of rluid Mechanics. Vol. 141,
complex unsteady chordwi"e piessure difference distribu- 19R4.
,ions Thus , the Complex unsteady aerodyn...a..ic loading on Ia"tes.J E._ "Wale induced Vibration of Aial Corn-

S downstream blade rows is directly related to the forcing poncnt."- NASA/AIR FO0RCE/NAVY Sympotium on Aero-
function to that blade row. with tis% forcing function elasticity of Turbine Engine. Cleveland. Ott, Oct. 1930.
signiflcantly affected hy tnulitige hlade tow interaction 4Verdmn, J. M. and Cas.par, J. Rt.. ,Development or an Unstfeady

S phenomena. Thtew resutlts huave an implication towards the Aerodynamic Anatys-ii for rinite Deflection Subsonic Cascades,"
modeling of tlnsica(ly aeroslynutwic bilde row interaction NASA-CR-3415, Sept. 1991.
phenomena. Namely, the variations of the second stape 'fletr S., Jay, ft. L., And Bennett. W. A.. "Rotor Wake
uonsteridy data witht forcing fiction waveform cannot he G~enerated Unsteady Aerodynamic Response of a Compresstor
predicted by harmonic gutmodels., i~e, the predictions from Stasor" ,ISME Journal of Engineering for Power. Vol. tOO, Oct.
these gust models would be identical for all of the forcing 1971.
function waveformis. I Fleeter, S.. Jay. R. L.. and Blennett, W. A.. "the Time-Variant

Aerodynamic Response of a Stator Row Including the Effects of
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APPENDIX IV

WAKE INDUCED UNSTEADY INTERACTIONS IN A MULTISTAGE COMPRESSOR
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3 M A MULTI-STAGE COMPRESSOR

Vincent R. Capece
=

Sanford Planters*
Thermal Sciences and Propulsion Center

School of Mechanical Engineering
Purdue University

West Lafayette, Indiana 47907 U.S.A.

Ut  rotor blade tip speed

The effects of steady loading and the
detailed arodynammic forcing function on airfoil v inlet velocity normal to vane
raw unsteady aerodynamIcs are investigated and V absolute velocity
queatified at high reduced frequency values. For V absolute axial velocity
the first time, both parallel and normal gust con- p inlet air density
posett of the forcing function are considered. w blade passing frequency
This is accomplished by a series of experiments
which quantify the unsteady aerodynamics of the
first. stage vane row of a research compressor.
The effects of steady vane aerodynamic loading INTRODUCTION

with both non-constant and constant aerodynamic
forcing functions are quantified. These data show An item of concern for high-perfor ce gas
that the steady loading affects only the magnitude turbine engines is the structural dynamic response

of the complex dynamic preseure coefficient of fan, compressor, and turbine blading to aero-

whereas the ratios of the maximum amplitudes of dynamic excitations. The spatially periodic 'vari-

the p land normal components of the ro- ations in pressure, velocity, and flow direction
dnm paralleln nonmaffect o the nero- of the exit flow field of an upstream airfoil raw
tdenamic focin g functio affcT bothite gn- o appear as temporally varying in a coordinate sys-

and the phase lag. The relative effects of te fixed to a downstream raw of airfoils. This
the two comp~one nts of the t ime-variant inlet velo-

the wo ompoent of he i-vaian inlt vlo- periodic inlet flow field is an aerodynamic forc-
city field oan the resulting vane row unsteady ing function to the downstream airfoil row which
aerodynamics are also investigated. showing that may lead to vibrations of these airfoils. In par-
the parallel component of the aerodynamic forcing ticular, when the frequency of the aerodynamic
function affects only the dynamic pressure coeffi- forcing function is equal to one of the natural

cient phase lag. The correlation of the dynamic frequencies of the downstream airfoils, vibrations
pressure coefficient data with flat plate predic- result which can have large amplitudes and asoci-
tions is also considered. The level and chordwise ated high vibratory stress levels.
distribution of the steady aerodynamic loading,
not the incidence angle, are revealed to be the At present, these resonant stress levels can
key parameters to obtain good correlation with not be accurately predicted. Thus, they are unk-
such mathematical models. nown until the first testing of the blade or vane

row. If this testing reveals stresses in excess
of a predetermined allowable level, airfoil life

considerations then require a redesign to reduce
these stresses.

b airfoil smi-chord
+ To predict the aerodynamLically forced

Cp dynamic pressure coefficient, Ap/p ') response vibratory behavior of an airfoil row
x requires a definition of the unsteady forcing

sai- - 1 2 function in terms of its harmonics. The periodic
static pressure coefficient, P-Pexit)/2pUt aerodynamic response of the airfoil row to each

k reduced frequency, 1.b/V, forcing function harmonic is then assumed to be
i incidence angle comprised of two distinct but related unsteady

N number of rotor revolutions aerodynamic parts. One is due to the chordwise
and normal components of the harmonic forcing

stator vane surface static pressure function being swept past the non-responding fixed
airfoil row, termed the normal (or transverse) and

Vomit stator vane exit static pressure chordwise gust responses, respectively. The
second, the self-induced unsteady aerodynamics, is

i Ap dyrnamic pressure difference across chordline associated with the resulting harmonic oscillatory

+ response of the airfoils.
u inlet velocity parallel to vane

There are many analytical and physical
assumptions inherent in the various gust and

• aiiU Trineo self-induced unsteady aerodynamic models, refer-
60trofeseor. School of Mechanical ances I through 6 for example. However. only very

engineering limited experimental data exists to assess the
Director, Thermal Sciences and range of validity and to direct the refinements

Propulsion Center necessary to develop valid predictive design my@-
AU= AZAD teno.

• q.
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At V*XT low values of the reduced frequency. rNSTROKENTATION
fuadeMental data for both self-induced unsteady

sd normal gust aerodynamics have been obtained in Both stoady-state and tim.-vaxiant data are
linear caacades. Cart& and St. Rulaire (7,01 per- of interat. The steady data describe the overall
foe a series of oscillating airfoil experiments compressor operating point and the detailed vane
a"d demonstrated the effect of aerodynamic loading surface steady loading. The unsteady data define
on self-induced unsteady aerodynamics, with the the time-variant aerodynamic vane row inlet flow
interblade Phase angle found to be the principle field, i.e., the vane row aerodynamic forcing
parameter affecting stability. Ostdiek [I) function, and the resulting vane surface unsteady
developed an oscillating inlet wind tunnel and pressure distributions.
Investigated the normal component gust aerodynam-
Ica.

steady-State
At the high values of reduced frequency

characteristic of turbomachinery, low speed single Conventional steady-state instrumentation is
and multi-stage research compressors have been used to determine the flow properties throughout
used to Investigate normal component gust aero- the compressor. The inlet temperature is measured
dynamics. These experiments considered the effect by four equal circumferentially spaced inlet thor-
of airfoil camber and rotor-stator axial spacing. mocouples. The static pressures between each
references 10 to 11, and also showed that the blade row are measured with casing static taps.
aerodynamic forcing function waveform has an Traversing stations between each blade row are
Important influence on the fundamental normal gust used to measure the mean flow incidence angles. A
unsteady aerodynamics (12). downstream thermocouple and Kiel probe determine

the compressor exit temperature and total pres-
In this paper, the effects of steady airfoil sure, respectively. The mass flow is measured

loading and the detailed aerodynamic forcing func- with the calibrated venturi meter located down-
tion on airfoil row unsteady aerodynamics are stream of the compressor test section. A shaft
Investigated and quantified at high reduced fro- mounted 60 tooth gear and a magnetic pick-up pro-
quency values. For the first time, both parallel vide the rotor speed.
and normal gust components of the forcing function
are considered. This is accomplished by the The steady-state aerodynamic loading on the
acquisition and analysis of unique data which vane surfaces is determined by instrumenting a
describe the unsteady aerodynamics of the first pair of stator vanes with chordwise distributions
stage vane row of a research compressor over a of midapan surface static pressure tape. Flow
range of steady operating conditions. visualization showed the flow to be two-

dimensional along this streamline. These vanes
_X /scmhematically depicted in Figue 1. the are po~sitioned such that one complete flow passage

wakes from the rotor blades are the primary source is instrumented. Figure 1.

of the unsteady aerodynamics of the first stage
stator vanes, i.e.. the exit flow field from the Time-Variant

rotor defines the forcing function to the down-- strean stator vanes. This aerodynamic forcing The airfoil surface time-variant pressure
function is defined by the velocity components meaurements are accomplished with Kulite thin-
Parallel an normal to the vane chord, u+ and v+ line design high response transducers. A reverse

- respectively. The variation in the forcing func- mounting technique is utilized, with the transduc-
tion is accomplished by altering the setting angle era embedded in the vanes from the backside and
of the inlet guide vanes which establish the first connected to the measurement surface by a static

i stage rotor flow field, including the rotor exit tap. This minimizes any disturbance generated by
flow field which is the aerodynamic forcing func- the inability of the transducer or mounting to
tiOn to the downstream first stage vane row. exactly maintain the vane surface curvature. Am

also depicted in Figure 1, these vanes are posi-
tioned such that a complete flow passage is

instrumented.

USZA&= CONFR3SSOR The embedded transducers are statically and

dynamically calibrated. The static calibrations
It is necessary to experlimentally model the exhibit good linearity and no discernible hys-

basic unsteady aerd04amic phenomena inherent in tereais. The dynamic calibrations demonstrate
the tLme-variant blade row flow interaction that the frequency response, in terms of gain

pressure variations, the asrodynamic forcing func- the transducer mounting. The accuracy of thetLon waveforms, the reduced frequency, and the unsteady pressure measurements, determined from

blade row interactions. Thee are all simulated the calibrations, is ±3.5%
in the Purdue University axial flow research

cop6ressor, Figure 2. This Compressor is driven The time-variant inlet flow field to the vaneby a 15 UP DC electric motor over a speed range of row is measured with a cross hot-wire probe poi-200 to 3.000 RN. ZEah Of the three identical tioned midway between rotor and stator at mid-
com reor stages contains 43 rotor blades and 41 stator circumferential spacing, Figure 1. These
stator vane, with the first stage rotor flow probes are calibrated and linearized to 45 e/.ec
field established by a row of variable settinq and ±350 angular variation, with the accuracy 8C
angle inlet guide vanes. The airfoils are of free the velocity magnitude and angle of t 4% and *2 ,
vort*ex desg and have British C4 section pro- respectively. The mean absolute flow angle is
file*, determined by rotating the probe until a zero vol-
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tage difference between the two linearized hot- These are each referenced to the initiation of the
wire signals Li obtained. This man angle is sub- data acquisition. However, the hot-wire probe is
seuntly used as a reference for calculating the positioned upstream of the leading edge plane of
instataneouS absolute and relative flow angles. the vane row. Thus, it is necessary to time-

relate the harmonic vane row inlet flow field to
the resulting unsteady vane surface pressures.

tAs was depicted in Figure 1. the rotor blade

teo centered around a Rowlett-Packard n-lo corn- wake velocity deficit creates a fluctuating velo-
puier is utilized to acquire and analyze on-line city vector in the absolute frame of reference of
both the steady and unsteady data. the vane row which is measured with the crossed

hot-wire probe. These hot-wire data are analyzed

Bteady-State to determine the harmonic fluctuating vane Inlet
flow angle and velocity, in particular, the fluc-

a 46 channel 3c~anivalv* system Is used to tuating velocity components parallel and normal to

acquire the steady pressure data. Under computer the vane, u+ and v+, which define the vane row
control, the Scanivalve is calibrated each time aerodynamic forcing function.
steady-state data are acquired, with compensation
automatically made for variations in the zero and The hot-wire probe is positioned upstream of
span output. As part of this steady-state data the leading edge of the stator vane row . To

g analysis sequence, a root-man-square error relate time based events measured by this hot-wire
umlysis is performed, with the steady data probe to the resulting unsteady pressures on the
defined as the man of 30 samples, with the 95% vane surfaces, the following assumptions are made.
confidence Intervals determined. (1) the wakes are identical at the hot-wire and

the vai.,, leading edge planes; and (2) the wakes

Time-Variant are fi.. I in the rotor relative reference frame.
The rotor blade spacing, the vane spacing, and the

The time-variant data from the hot-wire probe axial spicing between the vane leading edge plane
and the dynamic pressure transducers are obtained and the probe centerline are known.
under computer control by first conditioning their
signals and then digitizing them with a high speed At a steady -operating point, the hot-wire
A-D system. This eight channel A-D system is able data are analyzed to determine the absolute flow
to digitize signals simultaneously at rates to S angle and the rotor exit relative flow angle.

Ma per channel, storing 2044 points per channel. Using the above two assumptions, the wake is
located relative to the hot-wire probe and the

The time-variant data of interest are leading edges of the instrumented vane. Prom
periodic, being generated at rotor blade passing this, the times at which the wakes are present at

frequency, with a digital ensemble averaging tech- various locations are determined. The incremented

nique used for data analysis. The key to this times between occurrences at the hot-wire and thevane leading edge plane are then related to phase
technique is the ability to sample data at a pre- vane ng ede en reae se

set tim. This is accomplished by an optical differences between velocities and the vane sur-

encoder mounted on the rotor shaft. The face.

microsecond range square wave voltage signal from To simplify the experiment-theory correla-
the encoder serves as the time or data initiation tion, the first harmonic data are adjusted In

reference and triggers a high speed A-D multi- phase such that the transverse inlet velocity com-
pleer system. ponent is at zero degrees at the vane suction our-

face leading edge. From the geometry, the time at
The tima-variant hot-wire probe and dynamic which this would occur is calculated and tran-

pressure transducer signals are analyzed to deter- sposed into a phase difference which is then used
mine their periodic components by means of a digi- to adjust the pressure data from the suction our-
tal ensemble averaging data analysis technique face. An analogous procedure is utilized for the
based an the signal enhancement concept N of - pressure surface data so that the two instrumented
telow (13). This ensemble averaging is demon- stator vanes are time related. The pressure
strated in Figure 3, which shows a typical digi- difference across the chordline of an equivalent
tized pressure transducer signal for I rotor revo- single vane is then determined by the subtraction
lution and averaged over 25, SO, 75, 100, and 200 of these complex time-related van* pressure and
rotor revolutions. Averaging significantly suction surface data.

t reduces the random fluctuations superimposed on
" the periodic signal, with the time-variant signals

esetilly unchanged wthhe avraged-vr si3olThe final form of the unsteady pressure dataesentially unchanged when averaged over 75 or
describes the chordwise variation of the firstwar* rotor revolution@. Tor the data to be

presented herein, 200 averages are used for both harmonic pressure difference across the chordline
the hot-wire and vane pressure transducer signals. of a stator vane and is presented as a complex

dynamic pressure coefficient, Cp. in the format of
the magnitude and the phase lag referenced to a

The periodic hot-wLre probe and dynamic pres- transverse gust at the airfoil leading edge. An a
sure transducer signals are each then Fourier reference, also presented with these complex
decomposed into harmonics by means of a Fast dynamic pressure coefficient data are predictions
Fourier tansfom (FFM) algorithm. This Fourier obtained from a periodic small perturbation model

analysis determines the magnitude and phase of the which considers the inviscid, irrotational flow of
first harmonic of the vane inlet flow field, i.e., a perfect gas, reference 2. This model analyzes
the aerodynamic forcing function, and the result- the uniform subsonic compressible flow past a

lag vane surface unsteady pressure distributions, two-dimensional flat plate airfoil cascade, with

X N v
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sall unsteady normal velocity perturbations There are two potential mechanisms Which
uperigipoed and convected downstream. cause the above noted variations in the complex

dynamic pressure coefficients (1) the steady aero-
dynamic loading on the vane, and (2) the differ-
encee in the vane row aerodynamic forcing func-

RESULTS tion. These are individually investigated in the

following.
& series of experiments on the 60t speedline o w

of the compressor are performed to determine and Constant Forcing Functions

quantify the effects of steady loading and the

detailed aerodynamic forcing function. Including The effect of the steady airfoil aerodynamic

the effects of both the parallel and normal gust loading distribution on the vane row unsteady

components, on the resulting airfoil row unsteady aerodynamics for the sam aerodynamic forcing

aerodynamics. The variation in the forcing func- function is now considered. & third inlet guide
tion is accomplished by altering the setting angle vane setting was established such that the paral-
of the row of inlet guide vanes. as schematically l1 and normal inlet velocity components are
depicted in Figure 4, which changes the rotor flow nearly identical with one previously investigated.

field. In particular, a change in the inlet guide Figure 9 shows that for these two configurations,
vane setting angle alters the rotor exit flow there are only minimal variations in the time-
field. i.e. it changes the aerodynamic forcing variant aerodynamic forcing function to the vane

function to the downstream first stage vane row, row, with the first harmonics of these components
including the parallel and normal gust components, being nearly identical.
Ua+ and V+.

AThe vane row is highly loaded aerodynamically
At each steady-state operating point. , (or these two corfigurations, with small differ-

averaged time-variant data set consisting of the for the two urfaeati c wiesmall dier-

hot-wire and dynamic pressure transducer signals ences in the vane surface static pressure distri-

digitized at a rate of 200 kaM is obtained. This butions associated with these two configurations,

sample rate allows approximately 91 points between Figure 10. The auction surface distributions are

each rotor blade at the design rotational speed. nearly identical, with differences apparent in the

leading and trailing edge regions. The pressure

V ANE LOAN surface distributions exhibit differences near the

leading edge and aft of the quarter chord. Also,

Son-Constant Forcing Functions these configurations have only small differences
in the vane incidence angle, S.1

° for one confi-

The effect of the steady airfoil aerodynamic guration and 5.7 for the other.

loading distribution on the vane row unsteady The chordwise distribution of the first har-
aerodynamics including the influence of the

detailed aerodynamic forcing function, both the sonic complex dynamic pressure coefficient data

paleld nomal aerodynamic forcing function thare shown in Figure 11. For these two configura-
tions and steady loading distributions, the

components, Is considered first. For two particu- dynamic pressure coefficient magnitude data differ
lar inlet guide vane settings, the stator row near the leading edge and aft of quarter chord.
inlet flow field is shown in Figure 5, with the with only a minimal effect on the pha! lag data

corresponding parallel and normal inlet velocity near the leading edge. These differences in ti'e
components shown in Figure 6. For these two con- data correspond to the differences previoual)
figurations, the ratios of the maximum amplitude noted in the vane surface static pressure distri-

of the parallel component to that of the normal butions. i.e., near the leading edge and aft of

component are approximately O.s and 0.7. Also, it quarter chord. As the first harmonic aerodynamic

is interesting to note that these inlet velocity forcing functions generating these distributions

components are not small as compared to the free- are nearly identical, these differences in the

stream velocity, having ratios on the order of dynamic pressure coefficient data are attributed

0.4-0.6 and 0.2-0.4 for the normal and parallel to steady vane aerodynamic loading effects.
components, respectively.

A comparison of the variation of these

The steady-state vane surface static pressure dynamic pressure coefficient magnitude data with

distributions are presented in Figure 7. The suc- steady loading and a constant forcing function,

tion surface distributions are nearly identical Figure 11, and the corresponding data differences

except near the leading and trailing edge regions, previously found with steady loading and a non-

with larger differences apparent on the vane pres- constant forcing function, Figure 9. reveals that

sure surface. Also, these configurations the magnitude data differencoe for these two cases

Correspond to a high level of vane aerodynamic are not analogous to one another. Thus, it can be
loading, with the sane incidence angles nearly the concluded that whereas steady loading affects only

Sam, S .7 and 5.6* the magnitude of the complex dynamic pressure r.

coefficient, the detailed aerodynamic forcing
Figure 9 presents the data describing the function, in particular, the ratios of the maximum

choVrdIe distributions of the first harmonic com- amplitudes of the parallel and normal components
plex dynamic pressure coefficient. For these two of the aerodynamic forcing function, affects both
Cases, both the magnitudes and the phase lags of the magnitude and the phase lag of the dynamic

these dynamic pressure Coefficient data vary over pressure coefficient.
the vane chord, with the magnitude data exhibiting %
somewhat larger differences. Also, as will be EFFECT OF FORCING LUNCTION PARhLLEL COMer
further discussed, the high level of aerodynamic

loading On the vanes results in the differences To determine the relative effects of the two
between these data and the prediction. components of the time-variant inlet velocity

11j]
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La,

11field O the resulting vane row unsteady aero-
dynamic., two new inlet guide vane settings were StXky AD CONCLUSIONS

Omtablishe such that the parallel components of
the aeroynamic forcing function were different A series of experiments was performed to
tf investigate and quantify the effects of steady
while the normal components were nearly the same, airfoil loading and the detailed aerodynamic forc-
Figure 12. For these two configurations, the vane ing function on airfoil row unsteady aerodynamics

aerodynamic loading level I low, with only0 small at high reduced frequency values. For the first

incidence angle differences. -4.3O and -4.9 . The time, both parallel and normal gust components of
orresoning steady-state vane surface static the forcing function are considered. This was

pressure distributions are presented in Figure 13. accomplished by the acquisition and analysis of

The pressure surface distributions are nearly unique data which describe the unsteady aerodynam-

Identical, with only very small differences noted ics of the first stage vane row of a research

on the vane auction surface. compressor over a range of steady operating condi-

tions.
Figure 14 &hov the chordwise distributions ..

of the first harmonic complex dynamic pressure The exit flow field from the rotor defines"-
coefficient data. The magnitude data are almost the forcing function to the downstream stator

Identical, with differences existing in the phase vanes, with this aerodynamic forcing function

lag data. Previous results determined that for a defined by the velocity components parallel and

constant aerodynamic forcing function, steady vane nomal to the vane chord. The variations in this

loading differences primarily resulted in differ- forcing function were accomplished by changing the

ances in the magnitude data of the dynamic pres- inlet guin were aoledalter thenthe

oure coefficient. Hence, these differences in n

only the dynamic pressure coefficient phase lag exit flow field.

data, are attributable to the differences in t!-e
t i.n inlet flow field, in this particular Data defining t!.e effect of steady vane aero-
time variant dynami loadin withd no-ontn ahirodynamica
case, the parallel component of the aerodynamic dynamic loading with non-constant aerodynamic

forcing function. Thus, the parallel component of forcing junction components on the vane row

the aerodynamic forcing function only has an unsteady aerodynamics were analyxed. These data

effect on the dynamic pressure coefficient phase demonstrated that the ratios of the maximum ampli-

lag and has no effect on its magnitude. tude of the parallel component of the aerodynamic
forcing function to that of the normal component

PREDZCTIOt-DATA COgRr'ION affect both the magnitude and the phase lag of the

resulting complex dynamic pressure coefficient.

U sure The correlation of the complex dynamic pros-
coefficient data with the flat plate predic- The effect of steady airfoil aerodynamic

tions, presented in Figures 9, 11. and 14, are loading on the vane row unsteady aerodynamics with

also of interest. With regard to the correlation a constant aerodynamic forcing function was then"

of the phase lag, relatively good correlation is considered. The resulting data determined that

evident for all cases. However, this is not true steady aerodynamic loading affects the magnitude

for the correlation of the magnitude of the of the complex dynamic pressure coefficient, but

dynamic pressure coefficient, not the aerodynamic phase lag.

by far, the best correlation of the dynamic The relative effects of the two components of

pressure coefficient data and the corresponding the time-variant ittlet velocity field on the

prediction is obtained for the -0 and -4.3 resulting vane row unsteady aerodynamics were also

incidence angle cases, Figure 14. with good corre- investigated. The parallel component of the

lation apparent over the aft 75% of the vane aerodynamic forcing function was found to affect

chord. These correlation results are associated only the phase lag of the dynamic pressure coeffi-

with the steady vane aerodynamic loading. Namly. cient and not the magnitude.

~ the prediction Is for an unloaded flat plate air-
foil cascade. The-~4.o andl -4.3a incidence angle The correlation of the complex dynamic pres-

data have a much lower level of aerodynamic load- sure coefficient data with the flat plate prediC-

ing than the other cames, an determined by a con- tions was also considered. Good correlation of

parison of Figure@ 7, 10, and 13. Also, for the the phase lag is evident for all cases. However,

low loading cases, the good correlation over the the level and chordwise distribution of the steady

aft 75% vane chord and poor correlation over the aerodynamic loading, not the incidence angle, were

front 25% corresponds to the steady aerodynamic shown to be the key parameters to obtain good

lodng distributions on the vane surface, Figure correlation with flat plate airfoil cascade

13 mathematical models. " '

To verify this effect of steady loading on ACLWGEIQZN-S

the correlations, the vane row wan re-staggered

and a compressor operating point established such Support of this experimental research program

that there wan a significantly lower level of vane by the Air Force Office of Scientific Research,

steady loading, characteried by an Incidence Dr. James Wilson program manager, is gratefully

angle of -I*
°
. The resulting excellent acknowledged.

correlation of the dynamic pressure coefficient

data with the prediction for this minimal loading

onditioa is shown in Figure 15. Thus. the level

of the steady aerodynamic loading, not the • Whttehsad, D.S. ForCe and Molst Coeff'

; incideee angle, Is a-key parameter for correla- cients for Vibrating -rofoils in Cancade"

tion with flat plate cascade mathematical models. Aeronautical Resach Council RAN 3254,
February 196O.
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APPENDIX V

UNSTEADY AERODYNAMIC INTERACTIONS IN A MULTISTAGE COMPRESSOR
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Unsteady Aerodynamic
Interactions in a Multistage

v.n. capece Compressor
S. Fleeter

Thermlon. as rId Pinprilsinri Center. 7iefundainentfalflow vhlvvss of multistage blade ro it interactions is experimten tally
Schoolni Mechanical1 (rrqinnevir'q. irrtigated, wvith utnique data obtained which quanrtify the unsteady harmnonic

ruriie luniversit Y. avrrod(" narnric interactir, pherrnena. In particular, a series of exrperiments is per-
West L atayelte. IN 4 q fiour ?ed in a three-stage avial flowt research counpressor over a range of operating and

geometric conditionus at hrighu reduiced frequenicy values. Tire muultistage unsteady in-
teraction effects fof then fidllowing on each of the tree vane rows are investigated:
( 1)the steadr'. ronre acrodvnairic Ioading, (2) the wiaveform of the aerodynamnic
frucinipfuruiction it) each u-one row,. includinug both the chordiwise and traverse Rust

FaI n, cooriessor. and ltilvin irfods. are musceptddie to rczlicctcly. 'Ilse second, (lie self-induced unsteady
Cltttutctive neruidvriauiicallv itidlricerl viiationial res;pon.;es aerrdyruarnics, arises when lte airfoil row respond.- to the
w~heln a periodic aemorlvrnilc cxcitmlimuli 50rce %%itli n freciren- aerodytilmic forcing function.
cy eqln to art irfoil imatrilireciticy actS oti l n irfoil row. (;list ind self-induced unsteady aerodynamic models have
Willti tile res7onant airfoil Ireqecicies accurately prfedicted %sith icben ind continue to he developed (11-71. These models are in-
finite celmentl %st1u0ctunallodeks. Caimplicl (lingrainis ire uti- isi.considering smuall unsteady perturbations superim-
lIncr fi t etetimine tile rotr speed it which thve airfoil row posecd oin -I stedy throtiglflow. 'I here are many analytical and
mny he %usceptible to significant aertodynamnically induced physical assumptions inherent in these mathematical models.
sghrtioiaI response. flowever, accurate prediction,. for thve Unforltfunately, ait thle high reduced frequency values
aimopliturte of (ile resultinig vibration, mnd stes cinnot be made chitracteristic of turhomnaclinery, only a very limited quantity
(lite to tile inadeqitacies existig inl urent state-of-theart( of roppropr ite fundamiental unsteady aerodynamic data eXists
rvinsdy aeroclyniiuics% mlodels lor hoth thle aerodynamllic to verify these models. Data have been obtained in single
forcing function and thle resultioig airfoil row unsteady stiages of low-speed research compressors. In experimentsP
aerodynatiiic,. 'Ivich considered only transverse gust aerodynamics, the ef-

'I leIlr oulo atdnilctcflo or ielf clofnro camber and rotor-stator axial spacing were in-
wak% -ed y utreinbine (t vvieios. or ximle.in vestigated, wthle data demonstrating that thfe waveform of

lte ;ingle comipres-or -;tage schenianticallv decpictedi it, rig. I.* thle aerodynamic forcing function has an important influence
te theid exit o Iichti (ii e luwti errom tor Varies JR, 91. In 1101, lte significant effects, of steady airfoil ioading

i~.,fle xi lo lc~l tostie 1101iflroordeilcfle ild it dtiledaero(ytnmnic forcing function transverse grist
luvlciy croynnllc lycilpfiliclol if fl owstnZiC11 component oin lte unsteady aerodynamic response of an air-

stator Vaies. 'I his aerod~ ruarni forcingp finvt ion is defined by foil row were investigated.
lte velocity cniponents pat allel nd nor mi to lte vane I lowever, lte significant effects; associated with multistage

I1- Chord, it and W'. respectively. (how field interactions have not been experiment ally (or
I irst principles redictive teclinirtues for aecrodlynamically inathermtically) considered. r example, in (lie single stage

induced airloil response uirie a (lefiition of tie unsteady depicted in rig. 1, the wakes, fronm the upstream rotor blades
forcing function ill tertius of its lirmiiotiis. 1lite periodic defiine tlse unsteady aerodynamic forcing function to the
response oif lte airfoil row to eaich ham ni1ortic is asstumed in hie downsteam stator vanes, with this forcing function defined
coniprised of Iwvo coruploneurs. f)ie is (lie to the chordwise by tile velocity compnnents partallel arid normal to lte vane5
arid normal comuponents oif tlite hartnovic forcing function he- clid . I lowever, in a multistage turhomachine, the
mng swept past tihe rnorre~poridirig air foil rowv. ltrmed thle aerodynamic forcing function to a dlownstremn vane row is
transverse (normal) arid cliorclwise (parallel) pust responses. deterrtiried by all of the upstream airfoil wakes and thle

unstleady aerodynamic interactions; between the various
outiumrcnd by the (;ai I,,tine tDi~ieio tmr.air A*(A Swirl orT u~psmrearm blade arid vane rows.

KOVnmANIrAS Itijrxmrras and peernied am the l2nd tutc~inal .trGa Ittbine In this paper, lte fundamental nlow physics of multistage
(unfetemice and Exhiit. Anraheim, California. KMiv 1t-June 4, 19RI
klarstiso treceived at AqhtFtrarqrrruttrr 11, 19xi. ('nupef No. blade now interactions are experimentally investigated for the
97 M-171, firti time, with unique data obtained to describe the fun-
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wilh chordwise distributions of niidspan surface static

-. '. pressure taps'
rie msteady aerodymiaiiic inlet how field to each vane row

is measured wilh a cross hot-wire probe positioned midway
k between each rotor aid stator at midstator circurmferential

sliaciiig. The probe is calibmated and linearized to 60 m/s and
" A 35 deg angular variation, with the accuracy of tie velocity

-, , iiagiitude and angle (if * 4 percent and * 2 deg, respectively.I / • "1 he iiean absolute fhow aoigle is determined by rotating tie
probe until a zero voltage difference Iclween tie two linear-

... ized hot-wire signals is obtained. This ican angle is subse-
.( 7 (7 - 1.., quently used as a reference for lite calculation of the imstall-

maneous absolute and relative flow angles.
The measurement of the midspam vaie surface unsteady

pressures is accoml)lished witi ultraininiature high response
transducers. To inilnize tile potemntial of flow distmurbances
generated by the Irallsducers, tle transducers are embedded iii

Fig. I Schomattc of single-stage compressor flow field tile vanes front tlie backside and connected to Ite ieasure-
nient surlace by a static tal. These dymianiically instruniemied
v aies are positioned such that a complete flow passage is i-,

damnental unsteady aerodyianic interaction plctionicna. In situtitetcd it1 each vane row.
particular, a series of experitnents is perforl'ued which utili/c lih emnbedded dylinatic tramisducets are statically and

the versatility of the Purdue University Three-Slage Axial dynamiically calibrated. The static calibrations show good
Flow Research Compressor to investigate tle tultistage linearity amid no discernible hysteresis. The dyammic calibra-
unsteady interaction effects of the following ou each of the lions demo strate that the frequency response, in ternis of
tlree individual vane rows: (I) tile steady vane aerodynamic gain attenuation amid phase shift, is not affected by tle
loading, and (2) the waveform of the aerodynamic forcing traisducer mounting. The accuracy of the unsteady pressure
function to each vane row, including both the chordwise and measurements, determined from tie calibratiots, is ± 3.5

transverse gmst components. percent.

Research Compressor "s

rihe Purdue University Axial Ilow Research Compressor Unsteady Data Acquisition and Analysis
experimentally models file fundamental turbotnachine The unsteady data of interest are periodic, being generated
ttsteady aerodynamic multistage interaction phenomena in- at rotor blade passing frequency. Thus, a digital ensemble-
cluding the incidence angle, tie velocity and pressure vaia- averaging technique based orni tie signal enhancement concept
tions, the aerodynamic foicitng function waveforms, the of Gostelow (II I is used for the data analysis. Tile key to Ilis

reduced frequency, amid the unsteady blade row interactions. technique is the ability to sample data at a preset lime. This is %
The compressor is driven by a 15 lip d-c electric 11notor over a accomplished by ati optical encoder mounted on tile rotor
speed range of 300 to 30(X) rpi. Each of the three identical shaft. Ilie microsecond range square wave voltage signal frons,

stages contains 43 rotor blades and 41 stator varies having a tihe encoder is tile data initiation time reference and triggers a
British C4 airfoil profile, with the first stage rotor inlet flow high speed A-i) mmulhiplexer system. This averaging
field established by a row of variable setting angle inlet guide significantly reduces the random fluctuations superimposed
vanes, oil lite periodic signals, witl tile unsteady signals essentially

unchanged when averaged over 75 or more rotor revolutions.

Instrumenlation For the data presented lierein, 200 averages are used.
'hlt resuihilg ensenuble-averaged digital periodic hot-wire

Both steady and unsteady data are required to quantify the and dynamic pressure transducer signals are each Fourier
aerodynatics of each of the three vane rows. hrie steady data decomiposed into harnmonics by tieans of a Fast honrier %
specify the overall compressor operating poinit and the de- 1 ransforimi (I I: r algorithli. 'I his Fourier analysis determines %
tailed vane surface steady loading. 'rle unsteady data define the naguitude anid the phase of the first hatinonic of both the
the tine-variant aerodynamiic itlet flow field to each vate inlct tlow field to each vatie row, i.e., the aemodynainic forcing

~ row, i.e., file individual vatie row aerodynamic forcing fumc- fIunctioni, and the resulhing vatie surface umsteady pressures.
lion, as well as the resulting vane surface itusteady pressure these are eah referenced o lite imitiation of the data acquisi-
distributions. tion. Ilowever, lhe hol wire liobe is positioned upstream of

Conventional steady insriicnitation is ised to detctinine tile leadi ng edge plane of lite vatie low. I hius, it is necessary to
the flow properties thrommghol i lie comnpressor. I lie Steady litle i clate lhe hanmoiic vaute row imlet flow field to the
aerodynamic loading on tile surfaces of tle vatics is lnicamireld re silting unstcady vane sunrface pressures.

Nomenclaire

c = airfoil chord i- iu cidemce anlgle
C" = steady lift coefficient = I.' " stcady lift per unmit spai ap = dynamic pressure differeice

L '/,upUc across vatie chordline
U, = dynamic pressure coeflicient / 1i, ) it, = inlet velocity parallel to vatie

= d1p/Pl',u' U, = rotor blade tip speed
= stalic pressure coefficient I)= statoir vane surflace static v' = inlet velocity normal to vane

('0 - pi)/tU 2  p itfsslle V = absolute velocity
k = reduced frequency sa,,,,-Slator vane row exit slatic I, = absolute axial velocity

"K-/2V, plessiine w = blade passing frequency

Journal ot Turbomachinery JULY 1987, Vol. 1091421',,



The hot-wire data are analyzed to determine the harmonic
unsteady inlet flow angle and velocity to each vane row, in P
particular, the unsteady velocity components parallel and not-
mal to each vane row, i' and tW of Fig. I, which define the -..,
unsteady forcing function. The hot-wire probe is positioned -....
upstream of the leading edge of each stntor vine row. Jo
relate tine-hased events measured by tle holt-wire probe to the
resulting unsteady pressures on the vne s races, the follow- n I

in3 atsumptions are made: (I) the wkes are identical at tihe
hot-wire and the vane leading edge plane : (2) ihe wnkes ire I . / /
fixed in the rotor relative reference frame. Ihe rotor blade ,,,I
spacing, the vane spacing, and tire axial incing between lite
vane leading edge plane and the prohe cestlerline are known. ''°' ' "

At a steady operating point for each anie row, the hot-wire
data are anialyied to determine tle ab ole Ilow angle and the
npstreav rotor exit relative flow anvele.I -itig the above two k
assumptions, the wake is lhated relatite tothelol-wire probe
and the leading edges( of lite instrintnented vnies. Fo1m this,. - , .
the times at which the wakes are present at variotns locatiois 1. -- .,
are determined. I ie increnrented tne% between occurreiices at
the hot-wire andihe vanet lediig edge plnie ire tlhei con,-
vetted to phase differences between velocities anid the vane
surface.

Tosimplifytheexperinent theory correlation, the tirsthir- / /
monic data for each v-ante row ane ndjnnsted in phase %ruch thit h'
the transverse inlet velocity coniponent is n 0 (leg at the vane
suction snrface lending edge. Fronm the geonetry, the little at E .,1

which this wonld occur is clcrnlated and transposed into a
phase difference which is then used to adjust the pressure data Fig. 2 Schematic of compressor geometry variations to atlr the
froni tie suctioni surface. An1 niialogons procedure is tttilized downstream vane row aerodynamic forcing functions
for the pressure surface (at1 so that the two instrunented .
stator vanes in cach vane row ire time related. lie pressure
difference across tle choldlinie of an equivalent single vane in is specified by tie chordwise and transverse gumst components,
each row is then deterinined by lite sinhiractioni of these com- is' and v' . 1 hese were experimentally varied as follows.
plex time-related vane pressure nd siction surface (Ian. (havnging the setting angle of the inlet guide vanes alters the

'lite final form of the initeady pressure data definies the inlet flow to the first stage rotor. This results in a change in the
chordhvie variation of tle first harnwnic pressure difference detailed rotor blade exit flow field, in particular the chordwise
across, the chordline of a stator vane nnd is presited as a corn- and transverse gust components. Thus, the variations in the
plex dyuamic pressure coefficient Cs, in tle format of the aerodynamic forcing function to the first-stage vane row were
riligniitide and lite phase lag -eferenced to a transverse grist at acco nplished by altering the setting angle of the inlet guide~lite vine lendinig edge. ,,M a reference, also presented ire pre- vnncs, as schemtifcally depicted in Fig. 2. "The forcing func- l

dictin obtained from a periodic small pertuirhation model tion waveform variations for the second and third-stage vane
which considers lire inviscid. irrolational flow of a perfect gas rows were accomplished by independently circumferentially
121. lhis model analyzes lie uiiiform, subsonic conipressible indexing the upstream vane rows relative to one another, as ' %
flow past a two-diinensionl flat plate airfoil cascade, with also depicted in Fig. 2. In these cases, tire steady aerodynamic "
small iIfleady normal velocity perturbations siiperimposed loading of the vane row was maintained constant.
mid( cosivected dovwnislvenn. First-Slate Vane Row Experiment,

Results Vane Lnadlng Fffects. Figures 3 and 4 present the steady
vane surface static pressure distributions and the aerodynamiclo inve,-tignite file rotor wake genevafled gim, aerodynatmic-, forcing runction in the form of tire two gus t components,

on each ,ante row of a three sInge axial flow resenrch com- respectively, for Iwo relatively low levels of aerodynamic
pressor, icliding tle mutfistage interactions, a series of ex- londing. rie surface satlic pressure distributions are smooth
periniienits were perfolrnned. II these, the effects of the follow- nid show no indication of flow separation, with the loading
inp on fle nnteady nerodytianic, (if each vane row were differences in the leading edge region due to tie differences ill
dlnantified: (I) the steady lerodynamic loadiig; (2) the de- the incidence angles. hlie amplitudes of the chordwise and
failed wneformn of the aerodynamic forcing function, in- transvertse gust components are different. liowever, in terms
clidiing lite chnrdwise and transverse grist components, of the first harmonic., these two forcing functions are

I lie 'nrialionit in lite stendy loadiig of each vane row were erlpiivalent. In particular, tlne ratios of the magnitude% o the
accomplished by adjusting the selting angles of the stators, first harmonic of these gusl components (is 1v ) are 0.447
thereby altering tlhe incidence angle to lie vnies. this eiable, aid 0.430 for these two vane loadings. Also, it shoild be
both the netolyiariiic forcing fuiction wavefrrm to he main- nioted that relative to tle absolute velocity, these gusts are not
tathed while varying lse steady aerodyniaic loading, and also small. particularly at - 4.7 deg of incidence where the
the matching of the steady vane aerodynamic loanding for dif- trnnsverse and chordwise gusts are approximately 50 and 20
ferent aerodyinnvic forcinig functionq. lhe detailed teady percent of the absohte velocity. This may have implications
aerodynamic loading of the vane rows is specified by the regardinig the validity of the small perturbatIon assumption in
cliordwise distribulion of the vane sirface steady static the various inathematical models.
pressure coefficient (", with the overall loading level given by ' te resulting chordwise distributions of the dynamic
tq the incidence angle and the steady lift coefli(ient C, .  pressure difference coefficient on the first-stage vanes are

I he detailed waveform of the aerodyintiuic forcing functioi shown in Fig. 5. Also presented are the predictions from the
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Fig. 3 Choidwise distribution of the first stage vane surface static 20n

peassure coefficient at low loading levels
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4- ~Fig 5 Choidwiss distribution of the dynamic pressure ditffrencecs

0 W, II II I75 1 5 20 5ilcieni on the Ihel stage vanes al low loadig-

Io,6 0"

03 - L%--7

to to° 0,
J l II # I~I JI oeoe*

flatIplate ,l0t n/-ep- I--*-
F9g 4 Aerodynamic forcing function to the fistaslage vane row at low Fig. 6 Chordwise distribution of the first-sliag vane surface stiec

loading levels pressure coefficient at high loading levls

fltpaeairfoil cascade transverse gust model or 121. rThe g.05?os
magnitude data exhibit good correlation with the prediction, 11"l . 0030 IOY5
with both decreasing with increasing clordwise position. As - Ii - Ttt0A,(

the loading is increased, the magnitude data show an increase , - ,

* above both the prediction and the lower loading data aft of 60 Of

percent chord. The phase of the dynamic pressurle differeice
coefficient data exhibits a somewhat different chordwise .. ,
distribution thian the prediction. 'This is altibuled lo the vaie
Camber and the detailed steady chordwise loading distibution %

on ihe vane surfaces.
The effects of higher levels of steady aerodynamic loading 6

(Fig. 6) on the first-stage vane row unsteady aerodyiamics. 2M0

with the u' and u gust components maintained relatively
constant, were also investigated. At these higher loadings, th • - o
suction surface distributions are nearly identical over the aft a 0
part of the vane. will, the differences in the froni parl of IOn!

' vane due to the differences in the incidence angles. On the o 4-

pressure surface, larger variations between the two loadimg zoo
conditions are apparent over the entire vanie chord. Again, Fig I Chordwlse distribution of the dynamic pressure diflerence coot .,

there is no evidence of flow separation. ticent on the first stage vanes at high loading levels

The dynamic pressure difference coefficient data for this
higher loading case are presented in Fig. 7. A comparison (if
these high loading data with the corresponding lower loading As %ill be shown, the data oin the third-siage vane row, the last
data of Fig. 5 reveals large differences. As the aerodynamic air foil row in the conipressor, for similar steady loading do
forcing functions are the same. aerodynanic loading has a oot exhibit this increase in (lie magnitude data in the Irailing
significani effect on Ihe unsteady aerodynamics of the vatie cdge region. Ilence. this is most probably a itiltislage bladc
row. Increasing the aerodynamic loading results iii poorer cor- tow interactioi effect.
relation of the dynamic pressure difference coefficient Ihitis, ile best coltelation of ithe dynantic pressuce dir-' magnitude data with the flat plate cascade prediction, as cx- fercilmee coefficientl data acid the flat plate casc'ade predictionls =

pecled. Also, as the loading is increased, the iagnitude dala is oblained al thc low level of steady aerodynainic loading, in-
in the trailing edge region of the airfoil are increased in valuic dicatiug that the steady loading, not the incidence angle, is a

dournal of Turbomachlnery JULY 1987, Vol. 1091423
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Pig. 8 Variations In the transverse gust aerodynamic forcing function rig. it Variations In the choidwise gust aerodynamic forcing function
to the tlirsistag. wane row to the first stage van, row

5. -4

S. 03I

Fig. 9 Effect of the transverse gust aerodynamic forcing function on Fig. 12 ffct of the chordwise gust aerodynamic forcing function on
the first-stage van, surface st0tic pressure coefficient the first stage vane ourface static pressure coefficient

1.11cliffne taicpreisure at this moderate loading for these
forcingt functions are presented in, rig. 9.

'1 lie restiltiiug first stage vane choidwise distrihutions of the
dlyntamic pressure differenice coeffictent data and the cor-

.... z~-~-~ reponding flat plate cascade prediction ate presented in Nig.
hi If). rile magnitude data are decreased in value relafive to the

predliction over thie leading 30 percent of the vane, with the
(is' 1W~ ) data of 0.630 having a decreased amplitude relative
to the (I' /W' ) data of 0.447. flowever, in the midchord -

region, thie miagnittude data correlate well with each other and

n P %viwit the prediction. Aft of 70 percent of tlie chord, the
iltmagntitutde data are increased in value at this moderate level of

L ~steady loading. analogotis to the previous high steady loading
vrsults 1 he phase data are increased wih respect to the

- prediction over the front! part of tlie vane, becoming nearly
crinstanf over the art half of the vane.

Fig. to Variation of the first stage vane dynamic pressure difference leefco aitogi h eovai ocn uccoefficient with transverse gust aerodynamic forcing function hefecsovaitnsnteardnacfrigfn-
firm cliordwis;e gust component is' on the first stage vane row
itusleady aerodynamic% are also investigated. This is ac-

key paramefer. Also, thmetendy loading level and disirihiut ion coniplisthed hy means of two configitrations such that the
have a stignificant effect onl the inseady aerodynuamic, of the Itransverste grist component u'v and the steady aerodynamic

vanerow.loadirng are maintainied relatively conlstant. The aerodynamic 1
vane row.forcing frunctions are shown in rig. 11. with the ratios of the "

Aerodynamic Forcing Function FIfcis. I he effectst of gist components (is' 1W/ ) heing 0.299 and 0.611. The chord-
variations itt thie aerodynamic forcing fuinctioin transverse gust wi-;e rlistihuiioi of tite steady vane surface static pressures at
comnponenlt If on the first-stage vane row unsteady this high loading are presented in Fig. 12.
aerodynamics are investigated. Thii is accomplished by meaf-; hule resulting chordlwise distibritions of the dynamic
of two confignrations such that the cihordwis;e gust component pressure difference coefficient data and the correspondingt flat

424 /Vol. 109, JULY 1987 Tirmnsactions of the ASM6E
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-- -- -plate cascade prediction are presented in Fig. 13. 'file

fl a" 09' niagnitide data both exhibit analogous trenids, decreasing
3(00 Ml1 over life front part of tife vane chord and increasing over tie

- H*O o - aft part of time vanec, analogous to thie high and moderate
loading cases previously considered. There is good correlaton

0 ~ ~ 8with thie prediction over thle front half of time vane for aU (W 1W ) of 0.299, with thie correspondinig data for a (u' It
0

25 So 5 00trends. Tme phase data for a (u* 1W ) value of 0.299 showU % CI~N0trends similar to those obtained with a different aerodyiiamitic
frigfuinction but am analogous high level of acrodyamimic

loading (Fig. 7).
Tmis, the tranmsverse guist compoment of tie aerodynamic

0 C :0;ingfucto has a larger effect oim tie phase of time
0___atc rssr dilerence coefficienit tham ither lice steady

Z oain o lfecimordwise gumst componenmt. I lowever, Wtill tie

O8 OLitrdwse nd i iamsverse gust comptonmenits, and time steady
acrod ymmaimic load inig, i mml iemmee fime imagnimitutde o f tie dy nammic

200L pressmre differenmce coefficient.P
Fig. 13 Variation of the Hirst-stage vane dynamic pressure difference
colltficent with chordwise gust aerodynamic forcing functioni Aft-Slage Vane Row Experimenis

To investigate thle alt-stage unsteady blade row interactions
_____ at a fixed operating poinmt, lte upstream stators are iindexed

tsECst~~ii r =. c'Q!I!i circumferentially relative to the downstream instrumented

vane:2 rows as previously noted and depicted in Fig. 2. F7igulre

downsreamvane rows with tie upstream stators indexed cir-
a 0 cummmferemtiaily 0, 25, 50, aimd 75 percent. The surface static

2... I pressure distributions are seen to be nearly imndependent of tie
0% O * -. m circummimfrential iimdexing of lte upstream stators, with oimly

~stimuli variations apparent near the leading edge. Also, there is
I fino evidenmce offow separation.

, r. fVW~Tii 6iiii Unsteady Aermd)niumics-Adjacemt Vane Row Index-
log. Time ef fect of indexing circumiferentially (1) time first-

* ,, , . , stage stators oim time second-stage vatie row viteady
1 9.*,*. ~ aerodynammics and (2) thle seconmd stage stators on the Imird-a O 0 Indexing thie first-stage stators has asigmificant effect o h

~~' O aerodyammic forcimng fmimctiom to time second-stage vatme row.
F.- 02 igumre 15 shmows that time forcinmg fmuctiomns differ sigimilicamithy

V^% , . .. % 1 9 OM% 9 t rrA front ont: ammoimr amid lrotm time previomisly mmeasmmed first-
stage vatie row licimg l immetimms. 'I his %ariation fi tie second-

Fig. 14 Eftect of ctrcuminremntiaiy Indexing the upstream stators on stage vamme row forcimng himmiiom at a siigle operatimg pminmt is a
the owntrea vae srfac sttic resurecoetictntsimitistage blade row interaction effect, with time seeomd-stagc

rotor wake beimm; imodiated by time wakes front lte ripsireani
inlei guide vamnes amid time fir st stage rotor blades awml stator

013-aimes. Also, this indexinmg is seeni to hmave a larger ci ( oim time
04implitumde of time clmordwise guist titant on file t ransverse gust,

>indicated by thte wide range of valimes of lte ratio (it W
13 lie rcsmiiimmng clmordwise distribmimis of lte mistcady

02 pressure aifferemice coefficienmt oim time second-stage vane row%
ire presented imm Fig. 16. At this Moderate levei of steady
acrodymammic loadiimg, lte effect% of circummferenutial iiideximig

05 10 15 20 25ol time magnmitumde data are primimarily founmd over time front 25
01-~1percelli of lte vamie, with these inmiimiide data coalescimg over

;, V time aft 75 percent of lte chord. Imm cointrast. fle indexing af-

0%-4 - 46 fecs % le phmase data over ltme complete vaic chat d. Al-so, time
25%_ 0- mmmz'1agmmit ticld ae data era ehver timendsmi p a o i of lie m

50% 0. 0 2GI,000 05? miagvimitul rm pase data exhibit trmmdw sltgos, wto time2.7 0?0 waiimus paare esed verae fie ow flilimliean n

03-ipicreased over time alt pant relative to lte prediciim. As time
Z 2. ftsteady acrodymamic loading is idepemmdemi of lte iimdexiiig of

fiefis stage sutrteeefects are attribteld 1 ledif-
0, erimices in time ctuordwise and traiisverse gist coumpotienis will,

G -Aioidexiimg.
I lie effects of steady Itmadimig levei amid circnferemial iii-

Fig. IS Seond-stagedeximg of lte first-stage stators are invsestigated by establismiigU
Fig 1 Soon-stgevane aerodynamic forcing function variation due a new commpressor oinpratiimmg pmimt. Figte 17 shows lte effect

to the Inmdexing of the firsti-stage stators at moderate loading mif tis imdcximg mil tile acrodyiaimmnic toicimig fmmmctiom to limt
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vane 2 fcbt primarilysafecsttr thexinagn id-tag ovrnte Ftion 2 as aE gffect of fistg t torInexn onphae oftird dstavnsc

frn atof tite vae.Asostetaiinaddyego pressure difference coefficient ar reeteaii ehe tilefian e coi[leusteady acoyaiis o Iiiig I
magnitude data are in good agreement with lte predictioni. or lte cliordwise guist corlomlellt. I lowever, lte steady

loading, and the cliordwise and transverse gust comlponlenlts all
Summry ad Coclusonsinfluence thie miagnitude of lte dyniamic piressure differenceSummry ad CoclusonsCoeflicicuit.

'I lie rotor wake generated gtust aerodynamics o511 each saiie I lie 0ilellmmltCtetlil illItiilg (11lttle lmp)SItealli %UH0io% hla% Ito)
row of a three-stage axial flow researchs comiuessor , ilaucludiiiig cliccee oilt lite steady aer od~wmuc loadmig ol dowivii Icami %ane
lte mutistage interactions, were investigated by incans iof a ntims. I lowever, iidcxiiug ol tlite upsi ream %atic ross s does las c
series of experiments. In these, tile effects oif lte follo~ ing on1 a %igutificami elfect (on lte dowmiistai aerodynmnic foimcilig
tire unsteady aerodyninics of each vane row were qluantifiedl: fomctioii anid resulting clinrdwise pressure difference cod fi-
(1) lte steady aerodynanic loading: (2) tile detailed wavefoi ti cicil distibiis, iciidig ltle itidexig of lte first-stage
of lte acrodynantic forcing fuinction, including lte chotdssise stators affecingi the third-stage vatice row. 'I lie primary effect
and transverse gust components, of tire inidexing is on lte cliom ids ise guist oi the jerodyainic *

The best correlation of the dynamic presstire diilfereilec forcingfintit
coefficient data arid tile fl plate predictions is obtained at at (ircuinferential indexiiug affects lte inagidittide of lte
low level of steady aerodynamnic loading, indicating tiat lite dyniamiic pressure difference coeflicimit data over lte howt
steady loading, not file incidence angle, is a key parametecr. potion of lte vane, with ltme phase data affected over thie
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EXPERIMENTAL INVESTIGATION OF
MULTISTAGE INTERACTION GUST AERODYNAMICS .

Vincent R. Capece* and Sanford Fleeter
Thermal Sciences and Propulsion Center

School of Mechanical Engineering "U
Purdue University

West Lafayette, Indiana 47907

INTRODUCTION
ABSTRACT

Airfoil rows of advanced gas turbine engines areThe fundamental flow physics of multistage blade row susceptible to destructive aerodynamically induced . %,

interactions are experimentally investigated at realistic vibrational responses, with upstream blade and vane wakes
reduced frequency values. Unique data are obtained which the most common excitation source. For example, in the
describe the fundamental unsteady aerodynamic interaction single stage compressor flow field schematically depicted in
phenomena on the stator vanes of a three stage axial flow Figure 1, the rotor wake velocity deficits appear as a

A research compressor. In these experiments, the effect on temporally varying excitation source to a coordinate system
vane row unsteady aerodynamics of the following are fixed to the downstream stator vanes, i.e., the rotor blade

is investigated and quantified: (1) steady vane aerodynamic wakes are the forcing function to the downstream stator
loading; (2) aerodynamic forcing function waveform, vanes. Also as shown, the reduction of the rotor relative

G including both the chordwise and transverse gust velocity causes a decrease in the absolute velocity and
components; (3) solidity; (4) potential interactions; and (5) increases the incidence to the stator vanes. This produces a
isolated airfoil steady flow separation. fluctuating aerodynamic lift and moment on the vanes

which can result in high vibratory stress and high cycle
fatigue failure.

NOMENCLATURE First principle forced response predictive techniques

require a definition of the unsteady forcing function inC vane chord terms of harmonics. The total response of the airfoil to
C, steady lift coefficient C ( - ,)dx/- P Ut1C each harmonic is then assumed to be comprised of two

2 parts. One is due to the disturbance being swept past
first harmonic dynamic pressure coefficient nonresponding airfoils. The second arises when the airfoils'~/ z~1respond to the forcing function. A gust analysis predicts %

-static pressure coefficient, ( Ut the unsteady aerodynamics of the nonresponding airfoils,

i incidence angle 2 with an harmonically oscillating airfoil analysis used to
k reduced frequency, uC,/2V. predict the additional motion-induced unsteady

F stator surface static pressure aerodynamics.

p it stator exit static pressure Both gust and harmonically oscillating unsteady
A0 first harmonic dynamic pressure difference aerodynamic models are being developed, references 1
u+ instantaneous chordwise gust component through 5, for example. Within these models are many
f+ first harmonic chordwise gust numerical, analytical, and physical assumptions.
U t  blade tip speed Unfortunately, there are only a limited quantity of high
V+ instantaneous transverse gust component reduced frequency data appropriate for model verification
#+ first harmonic transverse gust and direction.
Vs absolute axial velocity Carta and St. Hilaire 161 and Carta 171, measured the
a solidity surface chordwise unsteady pressure distribution on an
w blade passing frequency harmonically oscillating cascade in a linear wind tunnel.

This work was extended by Hardin, Carta, and Verdon [81
to an isolated rotor with oscillating blades. In addition,
inlet distortion generated gust response unsteady - _J
aerodynamics were also studied. Although the interblade
phase angles in these experiments were within the range
found in turbomachines, the reduced frequencies, less than
0.4, were low for forced response unsteady aerodynamics
found in the mid and aft stages of multistage
turbomachines where the reduced frequency is typically

*Currently at Pratt & Whitney Engineering Division South greater than 2.0 In references 9, 10, and 11, the effects of
airfoil profile and rotor-stator axial spacing on the
transverse gust unsteady aerodynamic response were

I o
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Investigated in a single stage, low speed research The rotor mean absolute exit flow angle is determined by

compressor at realistic values of the reduced frequency, rotating the probe until a zero voltage difference is obtained

with these data also showing the influence of the forcing between the two hot-wire channels. This mean angle is

function waveform, then used as a reference for calculating the instantaneous
absolute and relative flow angles and defines the vane

These previous experimental investigations were steady incidence angle. From the instantaneous velocityI performed in linear cascades, isolated rctor rows, and single triangles, the individual fluctuating velocity components
stage compressors. They did not consider the multistage parallel and normal to the mean flow, the aerodynamic gust
and potential interaction effects which exist in the mid and components, are calculated. The accuracy of the velocity
aft stages of turbomachines. For multistage compressors, magnitude and angle are ± 4% and ± 2 degrees,

j the unsteady aerodynamics on the first two vane rows of a respectively.
three stage low speed research compressor were studied for
the first time in reference 12. The transverse gust forcing The steady and unsteady aerodynamic loading on the

function and the chordwise distributions of the first vane surfaces are measured with chordwise distributions of

harmonic pressure difference coefficients on the first two midspan surface pressure taps and transducers. Flow

vane rows were determined for a variety of geometric and visualization along this streamline shows the flow to be

compressor operating conditions. These results indicated two-dimensional for the operating conditions of this

that the unsteady aerodynamic loading of an airfoil row investigation. A reverse transducer mounting technique is
was related to the aerodynamic forcing function which itself utilized to minimize disturbances, with the transduceris significantly influenced by the multistage blade row connected to the measurement surface by a pressure tap.
interactions. This work was extended in reference 13 to Static and dynamic calibrations of the embedded

I include al three vane rows, with the effects of both the transducers demonstrate no hysteresis, with the mounting
transverse and chordwise gust components quantified. method not affecting the frequency response. The accuracy

of the unsteady pressure measurements is ± 3.5%.
In this paper, the fundamental flow physics ofg multistage blade row interactions are experimentally DATA ACQUISITION AND ANALYSIS

investigated at realistic reduced frequency values, with The steady-state data define the steady aerodynamic
unique data obtained to describe the fundamental unsteady loading on the vane surfaces and the compressor operating
aerodynamic phenomena on the stator vanes of a three- point. A root-mean-square error analysis is performed, with

• stage research compressor. In particular, a series of the steady data defined as the mean of 30 samples and
experiments are performed to investigate and quantify the their 95% confidence intervals determined. The detailed
effect of the following on vane row unsteady aerodynamics: steady loading on the vanes is defined by the chordwise
(1) steady loading; (2) forcing function waveform, including distributionof the vane surface steady static pressureI both the chordwise and transverse gust components; (3) coefficient, Cp, with the overall loading level specified by the
solidity; (4) potential Interactions; and (5) steady flow incidence angle, i, and the steady lift coefficient, C,.
separation.

The time-variant data quantify the aerodynamic forcing
RESEARCH COMPRESSOR function and the resulting unsteady pressure difference on
AND INSTRUMENTATION the stator vanes, and are analyzed by means of a data

The Purdue University Three Stage Axial Flow Research averaging or signal enhancement concept, as proposed by

Compressor is driven by a 15 HP DC electric motor over a Gostelow 1141. The key to this technique is the sampling of

Sspeed range of 300 to 3,000 RPM. The threp identical data at a preset time, which is accomplished with a shaft
copresso stagesconsist of 3 rotor bles ad 4etiar mounted optical encoder. At a steady-state operatingcompressor stages consist of 43 rotor blades and 41 tator point, an averaged time-variant data set consisting of the
vanes, with the first stage rotor inlet flow field controlled by two hot-wire and the vane mounted transducer signals,

S desrige setting angle Inlet guide vanes. The free-vortex digitized at a rate of 200 kliz and averaged over 200 rotor
design airfoils have a British C4 section profile, a chord of revolutions, is obtained. Each is Fourier decomposed into
30 mm, an aspect ratio of 2, and a maximum thickness-to- reouinsobaed EchsFuirdcmpednt
0 chord ratio of 0.10. Th all ailun compessor harmonics by means of a Fast Fourier Transform algorithm,chor raio f 010.The overall airfoil and compressor

S cpwith the magnitude and phase angle of the first harmoniccharacteristics are presented In Table I. referenced to the data initiation pulse determined.

The aerodynamic forcing function to the stator rows are Analyzing the data in this form was found to be equivalent
the upstream airfoil wakes. The first stage vane row to averaging the Fourier transforms for each rotor
forcing function is varied by changing the setting angle of revolution. Also, ensemble averaging and then Fourier
the Inlet guide vanes, thereby altering the inlet flow to the decomposing the signal is used because it significantly
first stage rotor, Figure 2. This results in a change in the reduces the data storage requirements.rotor blade exit Blow field, in particular, the chordwise and

transverse gust components. The second and third stage The rotor and stator spacing, the axial spacing between

vane row forcing function variations are accomplished by the vane leading edge plane and the probe, and the
absolute and relative flow angles are known. To time relateindependently circumferentially indexing the upstream vane the hot-wire and vane surface unsteady pressure signals, the

rows relative to one another, as also depicted, rotor exit velocity triangles are examined and the following

* The stator vane forcing function is quantified by assumptions made: (1) the wakes are identical at the hot-
measuring the stator Inlet time-variant velocity and flow wire and stator leading edge planes, and (2) the wakes are
angle with a cross-wire probe located midway between rotor fixed in the relative frame. The wakes are located relative
and stator at mdstator circumferential spacing, Figure 1. to the hot-wires and the leading edges of the instrumented
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vams and the times at which the wakes are present at For each solidity, the vane surface steady presstire
various locations determined. The incremented times distributions are smooth and show no indication of '.

between occurrences at the hot-wire and the vane leading separation, Figure 4. At the design solidity, the surface
edge planes are then related to phae differences between static pressures for the lift coefficient of 0.268 are greater .0
unsteady velocities and the vane surfaces. These than those for the lift coefficient of 0.176, a result of the a? Of

asumptions are necessary in order to correlate the data inlet guide vane indexing altering the compressor uperathig
with a gust analysis which fixes the gust at the airfoil point. Also, the reduced solidity has much higher pressure
leading edge. The hot-wire was located approximately differences and steady lift coefficients due to the decreased 'i,

midway between the rotor and stator and was less than number of vanes.
25% of the stator chord upstream of its leading edge. The resulting chordwise distributions of the dynamic

In final form, the detailed waveform of the aerodynamic pressure difference coefficient and the predictions are shown
forcing function is specified by the first harmonics of the in Figure 5. At the design solidity, good correlation exists
chordwlse and transverse gust components, a' and #+, between the magnitude data and the prediction for the lift
respectively. The unsteady pressure data describe the coefficient of 0.176, with an increase in lift to 0.268 resulting
chordwise variation of the first harmonic pressure difference in poorer correlation. The higher loading data are decreased
across a stator vane, presented as a dynamic pressure in amplitude relative to both the prediction and the lower
difference coefficient magnitude and phase. As a reference, loading data over the front 25% of the vane. Aft of 25%.1% Ji

these data are correlated with predictions from reference 2. chord, the data correlate well with each other and the
This gust analysis assumes the flow to be inviscid, prediction until 63% chord, with both data sets then
irrotational, two-dimensional, and compressible. Small increasing to a larger value than the prediction.
unsteady transverse velocity perturbations, v+are assumed The phase data exhibit a somewhat different chordwise
to be convected with the uniform flow past a cascade of flat
plate airfoils. The parameters modeled include the cascade datri ti ve to the predictio n ovr the first ,
solidity, stagger angle, Inlet Mach number, reduced data are increased relative to the prediction over the first

_ frequency, and the interblade phase angle. The analysis 14% of the vane chord. The data then decrease to the level
K does not consider flow separation or chordwise gust of the prediction and then increase to values greater thaneSperturbations, u+ . the prediction with increasing chordwise position. The

phase data for both loading levels exhibit the same trends,

RESULTS with the higher loading data increased relative to both the
prediction and the lower loading data over most of the

Three stator vane solidities are investigated: the design chord. The differences between the phase data and the
valu, of 1.09; a reduced value of 0.545; and 0.10 which prediction are attributed to the vane camber and the
results in a spacing between vanes large enough so that the detailed steady loading distributions on the vane surfaces.
influence of neighboring vanes is negligible; i.e., each vane is
an Isolated airfoil. The results are presented for each The magnitude data for the reduced solidity are alsof
solidity for variations In one of the key parameters. All decreased relative to the prediction over the front 50% of ' ,
design solidity data, except for the potential interaction the vane, with the higher loading data having, in general, a

decreased amplitude relative to the lower loading data.
effects, are presented for the first stator vane row. The dre ai uderel tiveytoetheylower loading Ata.
data sets for the other solidities are presented for the third The decrease in amplitude relative to the prediction is due

stator vane row. Since there are no airfoil rows to the high levels of steady aerodynamic loading. Aft of
downstream of the third stage vane row, there are no 50% chord, the magnitude data increase to the level of the

potential interaction effects on the trailing edge region of prediction and show better correlation. The phase data

these vanes. Data from reference 13 have been added for increase to a level larger than the prediction over the front

the design solidity in order to have a complete presentation 14% of the vane, then decrease towards the prediction, and

of the results and to indicate the significant effects which from approximately 25% to 50% chord, the phase data are

solidity has on the unsteady aerodynamic response of the almost constant. Aft of 50% chord this trend changes, with

stator vanes. Also, the error in the static pressure the higher loading data decreased relative to both the lower
coefficient data is represented by the symbol size. loading data and the prediction, and then increasing as the

chordwise position increases. Thus, from these results it is
VANE STEADY LOADING evident that steady loading primarily affects the magnitude

of the dynamic pressure difference coefficient.
Steady aerodynamic loading effects are considered for -the design and reduced soliditles of 1.00 and 0.545. The The best correlation of the dynamic pressure difference

first harmonics of the forcing function are maintained coefficient data and the prediction is obtained at the low
nearly constant, Figure 3. Note that relative to the level of steady loading at the design solidity, as expected,
absolute velocity, the Instantaneous gust components are since this most closely approximates the unloaded flat plate

not small. For example, the Instantaneous transverse and cascade model. Also, the steady loading level and " .
chordwlse gust components are approximately 40% and distribution have a significant effect on the unsteady
25% of the absolute velocity at -5.9 degrees of incidence, aerodynamics of the vane row. In general, different airfoil .

However, In terms of the first harmonics these gust designs will produce different steady surface pressure
components are approximately 11% and 6% of the absolute distributions and steady lift for the same incidence angle.

velocity. Therefore, the level of steady aerodynamic loading, not the
incidence angle, is the key parameter in obtaining good
correlation with mathematical models.

. .,%~
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AERODYNAIUC FORCING FUNCTION relative to the prediction over the entire vane chord, being

nearly constant in the 22% to 38% chord region. For the
The Influence of each gust component on the complex isolated airfoil, the phase data show good trendwise

dynamic pressure coefficient, with the steady aerodynamic correlation with the prediction over the leading 29% of the % *,

loading held constant, is considered, vane, with the ((ii/i + ) data of 0.245 decreasing relative to

both the prediction and the (Q+/ + ) 0.218 data. Aft of 29%
Transverse Gust chord, where the vane does most of its turning, the phase

The surface static pressure distributions for each solidity data decrease until 54% chord and then increase with
are smooth, with no evidence of separation and only small increasing chordwise position.
variations apparent near the leading edge which result in These results show that the transverse gust primarily
the slight variations in the steady lift coefficients, Figure 6. influences the magnitude of the dynamic pressure difference
As the solidity is decreased, there is an increase in the level coefficient. Also, the unsteady data variations with rorcing
of steady surface pressures and a corresponding increase in function waveform cannot be predicted by harmonic gust
the steady lift coefficient. The chordwise gust, fi+, is held models. This is because the forcing function waveforms and
approximately constant while the transverse gust, v+, is the resulting unsteady pressure distributions have been
varied, Figure 7, with the difference between the Fourier decomposed, with the first harmonic of the
configurations specified by the first harmonic gust ratio, unsteady data presented. Thus, all of these first harmonic

data are correlated with the same prediction curve; i.e., the
The effect of the transverse gust on the chordwise predictions from these harmonic gust models are identical

distributions of the dynamic pressure difference coefficient for all of the forcing function waveforms.
data is presented In Figure S. At the design solidity, both
configurations show the magnitude data to be decreased Chordwise Gust
relative to the prediction over the leading 30% of the vane,
with the (a+/f+) data of 0.630 having a decreased The effect of the forcing function chordwise gust

amplitude relative to the 0.447 data. However, in the component, fi+, on the vane row unsteady aerodynamics for

mldchord region, the data for these two configurations each solidity is considered. This is accomplished by

correlate well with each other and with the prediction. As establishing compressor configurations such that the

In the previous cases, aft of 70% chord the data increase transverse gust and the steady aerodynamic loading are

relative to the prediction. This is a result of both the nearly identical Figures 0 and 10, respectively.
potential interaction from the downstream second stage The resulting chordwise distributions of the dynamic
rotor row and the parallel gust component, ia+, as the pressure coefficient data and the predictions are presented
design solidity data are acquired on the first stage. This In Figure 11. In general, the magnitude data exhibit
phenomena will be discussed In greater detail in the section anaLoSous trends for each solidity, decreasing over the front
on Potential Flow Interactions. of the vane and increasing over the aft part. Themagnitude data increase over the prediction at the design .

The reduced solidity and the isolated airfoil data show a solidity, whereas they increase up to the prediction for the 

different trend with the ratio of (6+/#7+ ) than that of the other two solidity values. This is again the result of the

design solidity, with the data for the larger values of design solidity data being acquired on the first stage, with

(,l+/#+) increased in value relative to the lower values. de d ity ata er aoid n the o te wirl

This is opposite to the trend noted at the design solidity, the data for the other solidities being acquired on the third

However, examination of the magnitudes of the first to both the prediction and the lower (Ci+/++) data for each
harmonics of the chordwise gust component, 6I , indicates solidity. This is particularly apparent at the design and
that the magnitudes of the chordwise gust are lower In solidity. p
value than the design case. This indicates that the reduced solidity.

chordwse pressure distributions are not governed simply by The design solidity phase data at a (f+/ "+ ) of 0.611
the ratio of the two gust components but also by their show good trendwise correlation with the prediction over
magnitudes. the aft 50% of the vane while the lower (f+/i + ) data are

Ftda 5increased relative to the prediction, as seen in previous %
For each of the reduced solidity values, 0.545 and 0.10, cases. Over the front 50% of the vane, the data correlate

the magnitude data are generally decreased relative to the trendwise with each other but are increased compared to
prediction over the leading 50% of the vane, with the lower
(s&/#") data having a decreased amplitude relative to the the prediction. The reduced solidity phase data are Fe
higer(+ /) data .h in th traidpli uede ratin o the increased relative to the prediction and remain relativelyhigher (ai+/#+) data. In the trailing edge portion of the constant over the entire vane chord, with the (fi+/+) phasevane, the magnitude data correlate well with each other data of 0.634 consistently increased over the (6+1 ) 0.436 ,,
but are increased in level relative to the prediction. This is data o .63 ossetyicesdoe h l~ .3

a result of the chordwise gust which is not considered by data.
the model. A somewhat different trend is evident in the phase data

for the isolated airfoil than previous isolated airfoil cases
the prediction over the front 14% of the vane, decrease to and the other solidity values. In this case, the data are

seen to correlate trendwise with the prediction over the
the level of the prediction at 22% chord, and then increase front of the vane, then decrease slightly lower than the
to values greater than the prediction with increasing prediction and remain almost constant for the remainder of
chordwise position, becoming nearly constant aft of 40% the vane. In addition, the phase data for these two
chord. At the reduced solidity, the phase data are Increased configurations correlate quite well with one another over

4
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almost the entire vane. Comparing these results to the correlation. Aft of 50% chord the second stage data are

phase data of Figure 8 for a (ai/' + ) of 0.218 indicates that nearly constant with increasing chordwise position, whereas
loading has a dramatic effect on the phase as well as the the third stage data show another decrease in phase and5 magnitude data: both the phase and the magnitude data then increase with increasing chordwise position.
show the maximum deviations from the analysis in the 25% Te
to 60% chord locations. Aft of this point the magnitude magnitude and phase, with the larger effect being upon the
and phase increase to the prediction. magnitude of the dynamic pressure difference coefficient.

The differences apparent in the dynamic pressure Hence, the downstream airfoil row is another aerodynamic

difference coefficient phase data for the three different excitation source to the upstream blade or vane row and
I solidity values are a result of the details of the steady static would act on the trailing edge region.

pressure distributions and the spacing between the airfoils. ISOLATED , SEPARATION
As the airfoil spacing increases for low levels of
aerodynamic loading, the correlation of the phase data with The effect of separated flow on the stator vane unsteadyU the predictions gets increasingly better. This indicates that aerodynamics for a solidity of 0.10; i.e., an isolated airfoil,
the influence of adjacent airfoils is much greater than is now investigated. The separated flow is generated by -"'
predicted by the zero incidence fiat plate analysis. restaggering the stator vanes such that a mean flow "V

Incidence angle of 8.2 degrees is established. At this
bus, both the transverse andincidence angle, the flow separates from the vane suction

components affect the magnitude data, with the chordwise
gust having a larger influence on the phase, particularly at surface as indicated by the region of constant static

the design solidity. In addition, the magnitude of the pressure which originates at 38% chord, Figure 14. The

chordwise gust is not small as compared to either the separated flow data are compared with data for a

abolute gust ormthe transverse gust. configuration where the steady lift coefficient and both the
absolute velocityIor the cbordwise and transverse gust components are nearly

POTENTIAL FLOW INTERACTIONS identical, but the flow is not separated.

t IThe resulting dynamic pressure difference coefficient
ID ata in the vane trailing edge region are consistently data and the attached flow flat plate prediction are shown
increased relative to the prediction. Part of this increase by in Figure 15. The attached and separated flow data show
attributable to the chordwise gust which is not modeled by somewhat different trends in the leading and trailing edge
the prediction. However, first stage magnitude data exhibit regions. The separated flow magnitude data are nearly
larger deviations in the trailing edge region than third stage constant over the front 14% of the vane, whereas the

phnmnoustaydtaeaqrdontescd d attached flow data and prediction indicate adecrease indata with similar steady ll coefficients. To investigate this attce lwdt n rdcinidct eraei

phenomenon, unsteady ta aesacquired on the second and amplitude with increasing chordwise position. Alt of 14%

the third stages adig solidity for operating chord the data show analogous trends, with both separated
conditions where teady odig and the forcing and attached ow data decreasing with increasing
function are nearly identical, Figure 12. Thus the only chordwise position and attaining a minimum amplitude
difference between these two configurations is the presence value at 20% chord, similar to previous isolated airfoil .,
of the third stage downstream of the second stage stator results. The magnitude data for both cases then gradually 'r
row. Increase to values that are greater than the prediction at

The resulting dynamic pressure difference coefficient 54% chord, with the attached flow data being lower in
t data and corresponding prediction are presented in Figure magnitude up to this point. Both data sets then decrease

13. The magnitude data are decreased relative to the with further chordwise position, with the separated data
prediction over the leading 30% of the vane due to the decreased in amplitude relative to both the prediction and
steady loading level, with the deviations In the amplitude the attached flow data. This is a result of the increased
attributed to the differences In the steady surface pressure steady loading in this region of the airfoil due to the
distributions in the leading edge region. Aft of 30% chord, separation zone.
the data Increase to the level of the prediction, with the The attached and separated flow phase data have

- second stage data higher in amplitude than the third stage
data, particularly in the trailing edge region. Since the different trends near the separation point and in the trailing

steady pressure distributions and the forcing function are edge region. Over the front 22% of the vane, the data and

nearly identical, this deviation of the second stage data is the prediction show analogous trends, being nearly -.

o attributed to a potential interaction effect caused by the constant. The separated data are increased relative to the

downstream third stage. The increase of the third stage prediction, with the attached flow data exhibiting excellent

data above the prediction in this region is a result of the correlation with the prediction. Aft of 22% chord the

chordwise gust since there are no downstream airfoil rows, separated data increase whereas the attached fow data

* with the further Increase In the second stage data due to decrease relative to the prediction. In the separated flow

the potential interaction. region, both the separated and attached flow data exhibit
similar trends. However, at 70% chord the separated data

The phase data also show different trends in the trailing indicate a jump to values larger than the prediction and

gX edge region due to potential interactions. Over the front increase with further chordwise position. On the other

part of the vane, the data are increased with respect to the hand, the attached flow phase data show a gradual
prediction, but then decrease in relation to the prediction increase. Thus, separation affects both the magnitude and
at 22% chord. The data then increase until 50% chord, phase of the dynamic pressure difference coefficient.

I with the data up to this point exhibiting good trendwise
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SUMMARY AND CONCLUSIONS 3. Atassi, H.M., "The Sears Problem for a Lifting Airfoil

A series of experiments were performed to investigate Revisited - New Results," Journal of Fluid Aechanics,

the wake generated gust aerodynamics on each vane row of Volume 141, 1984. ,N

a three stage axial flow research compressor at high reduced 4. Englert, G.W., "Interaction of Upstream Flow %
frequency values, including multistage Interactions. In these Distortions with High Mach Number Cascades,"
experiments, the effect on vane row unsteady aerodynamics ASAE Paper 82-GT-17, 1982. -9
of the following were Investigated and quantified: (1) -S
steady vane aerodynamic loading; (2) aerodynamic forcing 5. Chiang, H.D. and Fleter, S., "Prediction of Loaded J.

function waveform, Including both the chordwise and Airfoil Unsteady Aerodynamic Gust Response by a3 transverse gust components; (3) solidity; (4) potential Locally Analytical Method," Interational Journal of.

Interactions; and (5) Isolated airfoil steady flow separation. Aithematical Adeling, accepted for publication. ,'..'

The analysis of these unique vane row unsteady 6. Carta, F.O. and St. Hilaire, A.O., "Effect of Interblade
aerodynamic data determined the following. Phase Angle and Incidence Angle on Cascade Pitching

Stability," ASME Paper 79-GT-158, 1979.
The steady aerodynamic loading level, not the incidence

angle, is the key parameter to obtain good correlation with 7. Carta, F.O., "An Experimental Investigation of . ',

Rat plate cascade gust models. Gapwise Periodicity and Unsteady Aerodynamic % N
Response in an Oscillating Cascade, Part I: '",

* The steady loading level and chordwise loading Experimental and Theoretical Results," NASA CR

distribution have a significant effect on vane row unsteady 3513, June 1982.

aerodynamics, having a larger influence on the magnitude 8. Hardin, L.W., Carta, F.O., and Verdon, J.M.,
than on the phase. "Unsteady Aerodynamic Measurements on a Rotating

Compressor Blade Row at Low Mach Number," ASME
* The aerodynamic forcing function chordwise gust affects Journal of Turbomachinery, Vol. 109, No. 4, October
both the dynamic pressure coefficient magnitude and phase, 1987, pp. 409-507.
whereas the transverse gust primarily affects the 9. Fleeter, S., Jay, IL., and Bennett, W.A., "Rotor
magnitude. These effects cannot be predicted with Wake Generated Unsteady Aerodynamic Response ofSa,
harmonic gust models because these data have been Fourier a meerSatUn se Aernam o nnee

decomposed, with the predictions thus identical for all f omer V o , Octo r 978.
forcing function waveforms. for Power, Volume 100, October 1978. %

10. Fleeter, S., Bennett, W.A., and Jay, R.L., "The Time
* The chordwise gust is not small compared to either the Variant Aerodynamic Response of a Stator Row

absolute velocity or the transverse gust. Thus, to provide Including the Effects of Airfoil Camber," ASAME
accurate predictions, unsteady aerodynamic models must Journal of Engineering for Power, Volume 102, April
consider this gust component. 1980.

* For closely spiced stages (the compressor rotor-stator 11. Fleeter, S., Jay, R.L., and Bennett, W.A., 'Wake
axFoicloe spac ed ghereinIs0.432 c o mpre o roso Induced Time Variant Aerodynamics Including Rotor-
axial spacing herein is 0.432 chord), downstream airfoil rowsFluids
are potential aerodynamic excitation sources which affect Enineerina, Volume 103, No. 1, March 181.
the unsteady loading in the trailing edge region of the
upstream airfoils. Since the trailing edge is thin, It would 12. Capece, V.R., Manwaring, S.R., and Fleeter, S.,
be highly susceptible to fatigue failure. "Unsteady Blade Row Interactions in a Multi-Stage

Compressor," AIAA Journal of Propulsion, Volume 2,
* Flow separation of the low solidity vane row affects the No. 2, March-April 1986.

unsteady surface pressures upstream of the separation 13. Capece, V.R. and Fleeter, S., "Unsteady Aerodynamic
point, with the phase affected in the trailing edge region. Interactions in a Multi-Stage Compressor," ASAIE
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ABSTRACT

A series of experiments are performed to investigate and quantify the unsteady

aerodynamic response of an airfoil to a high reduced frequency gust, including the

effects of the gust forcing function waveform, airfoil loading, and steady flow

separation. This is accomplished by utilizing an axial flow research compressor to

experimentally model the high reduced frequency gust forcing function and

replacing the last stage stator row with isolated instrumented airfoils. Appropriate

data are correlated with predictions from flat plate and cambered airfoil convected

gust models. The airfoil surface steady loading is shown to have a large effect on

the unsteady aerodynamic response. Also, the steady flow separation has a

significant influence on the gust response, particularly upstream of the separation

point and in the airfoil trailing edge region.

" w '.'. ., '-,? , %%' '?' .: ' %';' %. , ' .""-.I
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NOMENCLATURE

C airfoil chord

C' steady lift coefficient (-pp - 1dx / -I  t

0 ~ 2

CP first harmonic unsteady pressure coefficient A/p V.fr'

C static pressure coefficient, (P- pit)/2 PUt

fP periodic signal component

rf random signal component

fe steady signal componen, -ft

X gust propagation direction vector .-f

k, reduced frequency, w C/2V-

k2  transvese gust wave number

P airfoil surface static pressure

Pexit exit static pressure

AA first harmonic unsteady pressure difference

s unsteady transducer signal

+ first harmonic chordwise gust

Ut  rotor blade tip speed

first harmonic transverse gust

Vx  absolute axial velocity

CI O  angle of attack

p inlet air density

29*S
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INTRODUCTION ,V

The unsteady flow past a stationary airfoil is of primary concern in many

important applications. For example, the unsteady interaction of an airfoil with

gusts and similar vortical disturbances plays a significant role in the aerodynamics,

dynamic loading, aeroelasticity, and acoustics of modern aircraft, missiles, .

helicopter rotors, advanced turboprops and turbomachines. As a result, the

interest in unsteady flow theory initiated by Theodorsen [1935], Kussner 11940], and

Sears [1941] has continued to the present.

ITheoretical gust models have typically been restricted to thin airfoil theory,

with the unsteady gust disturbance assumed to be small as compared to the mean

steady potential flow field. However, in most applications, airfoils with arbitrary

shape, large camber, and finite angles of attack are required. In an attempt to

meet this need, Horlock [1968] extended the classical approach of Sears to consider

a flat plate airfoil at small angle of attack. Naumann and Yeh [1972] then

extended Horlock's analysis to consider a thin airfoil with constant small camber.

These analyses showed that the unsteady aerodynamic forces acting on an airfoil 4,

were affected by both the small incidence angle and the small airfoil camber.

However, these models neglect second order terms, following Sears, and also assume

a small angle of attack. Thus these results are only approximate and cannot be

*5% extended to finite incidence angles or large airfoil camber.

It is apparent that the thin airfoil approach is not adequate for many WN

applications of interest. In this regard, Goldstein and Atassi [19761 and Atassi

[1984[ developed a theory for the inviscid incompressible flow past an airfoil subject

-IV
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to an interacting periodic gust. The theory assumes that the fluctuating flow

velocity is small compared to the mean velocity, with the unsteady flow linearized

about the full potential steady flow past a flat plate or Joukowski airfoil and

accounts for the effects of both airfoil profile and angle of attack.

Experimental investigations have typically been restricted to low reduced

frequency aerodynamic gusts. In part, this is due to the difficulties associated with

3 generating a periodic unsteady gust, with low reduced frequency gust tunnels

having been developed by Holmes [1973], Satyanarayana, Gostelow, and Henderson

[19741 and Ostdiek [19761, for example. Also contributing is the difficulty in

obtaining and analyzing the fundamental high frequency unsteady data that define

both the aerodynamic forcing function and the resulting airfoil surface pressure

distributions. The acquisition and analysis of such high frequency data has only

recently become possible with the development and availability of miniature high-

response pressure transducers, digital instrumentation, and computers for both

control of instrumentation and digital data acquisition and analysis.

The above noted experiments and analyses are all concerned with attached

steady flow. Separated flow oscillating airfoil phenomena, including stall flutter

and dynamic stall, have also been addressed. Thus, oscillating airfoil models and

experiments have considered the effects of steady loading and flow separation, for

example, Woods 11957], Yashima and Tanaka [19771, Sisto and Perumal [19741,

Ericsson and Reding [19811, Carstens [1984], Chi [19851, and Lorber and Carta

[1987]. In this regard it should be noted that only minimal attention has been

directed towards the effect of steady loading and flow separation on the unsteady
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I1
aerodynamic response of an airfoil to a periodic gust.

In this paper, the effects of the gust waveform, as characterized by the

chordwise (parallel) and transverse (normal) gust components, u+ and v+ depicted

in Figure 1, airfoil loading, and steady flow separation, on the unsteady

aerodynamic response of an airfoil are experimentally investigated at high reduced

frequency values for the first time. This is accomplished by: (1) utilizing an axial

flow research compressor to experimentally model the high reduced frequency

aerodynamic gust forcing function; (2) replacing the last stage stator row with

instrumented isolated airfoils; (3) developing and utilizing computer based time-

variant digital data acquisition and analysis techniques, including ensemble

averaging and Fast Fourier Transforms (FFT), for the analysis of the periodic

data. In particular, high reduced frequency aerodynamic gusts are generated by

the upstream rotor blade wakes, with the unsteady aerodynamic gust response

determined by replacing the downstream stator row with static and dynamically

instrumented isolated airfoils. Thus, there is complete experimental modeling of the

basic unsteady aerodynamic phenomena inherent in this high reduced frequency

unsteady interaction including angle of attack effects, the velocity and pressure

variations, and the waveform of the aerodynamic forcing function.

RESEARCH COMPRESSOR

The Purdue axial flow research compressor with the last stage stator row

replaced by an isolated airfoil, is utilized for these experiments. It is driven by a

15 HP DC electric motor over a speed range of 300 to 3,000 RPM. The wakes from

w
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the upstream rotor blades are the source of the unsteady surface pressures on the

downstream isolated airfoil, i.e., the rotor wakes define the aerodynamic forcing
function to the airfoil, as depicted schematically in Figure 1. The 43 rotor blades

and the isolated airfoil are free vortex design airfoils with a British C4 section

profile, a chord of 30 ram, and a maximum thickness-to-chord ratio of 0.10.

The variations in the airfoil steady loading are accomplished by compressor

throttling and adjusting the setting angles of the instrumented airfoils, thereby

altering the airfoil angle of attack. The detailed steady aerodynamic loading of

the instrumented airfoils is specified by the chordwise distribution of the airfoil

surface steady static pressure coefficient, with the overall loading level given by the

angle of attack and the steady lift coefficient.

The waveform of the aerodynamic forcing function is defined by the first

harmonic chordwise and transverse gust components, fi+ and +, respectively. The

forcing function waveform variations to the instrumented last stage airfoils are

accomplished by independently circumferentially indexing the upstream compressor

vane rows relative to one another while maintaining a constant instrumented airfoil

steady loading distribution.

INSTRUMENTATION
Y

Both steady and unsteady data are required. The steady data define the

detailed airfoil surface aerodynamic loading. The unsteady data quantify the

time-variant aerodynamic forcing function to the isolated airfoil, i.e., the airfoil

unsteady inlet flow field and the resulting chordwise distribution of the time-

- . 'e '. ' r , sr '' " %.- - - - } - % . ° - eI
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a
variant pressures on the surfaces of the downstream airfoil. Flow visualization

studies showed the flow to be two-dimensional on the midspan streamline. Thus,

midspan chordwise distributions of airfoil surface static and dynamic

instrumentation are utilized.

The unsteady aerodynamic forcing function to the airfoil, the time-variant inlet

flow field, is measured with a cross hot-wire probe. The airfoil mean absolute inlet

flow angle is determined by rotating the cross-wire probe until a zero voltage

difference is obtained between the two hot-wire signals. This mean angle is

subsequently used as a reference to calculate the airfoil angle of attack and the

instantaneous absolute and relative flow angles.

The airfoil surface time-variant pressure measurements are accomplished with

flush mounted ultra-miniature high response transducers. To minimize potential

flow disturbances due to the transducer mounting or the inability of the transducer

diaphragm to exactly maintain the surface curvature of the airfoil, a reverse

mounting technique is utilized. The pressure surface of one airfoil and the suction

surface of a second are instrumented, with the transducers embedded in the non-

measurement surface and connected to the measurement surface by a static tap.

To assure the accuracy of the experiments as well as to minimize the number of

stator row reconfigurations needed to obtain the isolated airfoil steady and

unsteady data of interest, the complete last stage compressor stator row was

replaced with a stator row comprised of only two airfoils, these being either the

statically instrumented airfoils or the dynamically instrumented airfoils. This

corresponds to a vane row with a solidity (chord/spacing) of less than 0.10, which
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results in a spacing between the instrumented vanes large enough so that the

influence of the neighboring vanes is negligible, i.e., each vane is essentially an

isolated airfoil. Table 1 illustrates this, presenting the incompressible flow,

transverse gust lift coefficient for a cascade with a solidity of 0.1 and an isolated

airfoil as predicted by Sears at the typical experimental reduced frequency value of

5.0.

DIGITAL PERIODIC DATA ACQUISITION

The steady-state pressure data are acquired with a 48 channel Scanivalve

system. Under computer control, the Scanivalve is calibrated each time data is

acquired, with compensation automatically made for variations in the zero and

span output. As part of the steady-state data acquisition and analysis process, a

root-mean-square error analysis is performed. The steady data are defined as the

mean of 30 samples, with the 95% confidence intervals determined.

The time-variant data from the hot-wire probe and the dynamic pressure

transducers are obtained under computer control by first conditioning their signals

and then digitizing them with a high speed A-D system. This eight channel system

is able to digitize signals simultaneously at rates to 5 MHz per channel, storing

2048 points per channel. In addition, after conditioning, the time-variant hot-wire

and pressure transducer signals are monitored by a dynamic signal processor which

can digitize, average, and Fourier decompose unsteady analog signals.

The time-variant data of interest are periodic, being generated at rotor blade

passing frequency, with a digital ensemble averaging technique used for data
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analysis. As will be discussed, the key to this technique is the ability to sample

data at a pre-set time. This is accomplished by means of an optical encoder

mounted on the rotor shaft. The microsecond range square wave voltage signal

from the encoder is the time or data initiation reference which triggers the high

speed A-D system.

In general, the time-variant signals from the hot-wire probe and the dynamic

pressure transducers are comprised of three components: (1) a steady-state

component, fe; (2) the periodic component of interest, fP; (3) a random fluctuating

component, jr

f (t) = e + fp (t) + fr (t) ():;
Ne

The steady-state signal component is measured independently. Thus, the time-

variant transducer signal, s(t), is considered to be comprised of the sum of the

periodic and random components.

s(t) = fP (t) + F (t) (2)

The periodic signal component is determined by a digital ensemble averaging

technique based on the signal enhancement concept initially considered by

Gostelow [1973]. The time-variant signal is sampled and digitized over a time

frame that is greater than the periodic signal component characteristic time. With

the same data initiation reference, i.e., the signal from the rotor shaft mounted

optical encoder, a series of corresponding digitized signals is generated by repeating

this signal sampling and digitization process. The time-variant signal ensemble

average is then determined by averaging this series of digital data samples.

.... ... .€ - .€ -,,r,, r - , ,-. -.- - ,s
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I<si = (1/N) Esj j=1,2,...,m"
n-i |

or
N N

<sj> = (1/N) E ffjP + (1/N) E fir, j=1,2,...,m (3)
n-i n-i

For a sufficiently large number of digital signals in the series, N >>1, the

ensemble average of the random signal component is zero.

N
(I/N) E fr, =0 N>>I, j=1,2,...,m (4)

Thus, the periodic component of the time-variant signal, relative to the data

initiation reference, is determined by this ensemble averaging technique.

<sj> = (l/N) EfjPn j=1,2,...,m (5)

The effect of averaging the time-variant digitized hot-wire and pressure signals

has been considered. Figure 2 displays a time-variant pressure signal for 1 rotor

revolution and averaged over 25, 50, 75, 100, and 200 rotor revolutions. The

ensemble averaging significantly reduces the random fluctuations which are

superimposed on the periodic signal, with the time-variant pressure and hot-wire

signals essentially unchanged when averaged over 75 or more rotor revolutions. For

the experiments described herein, 200 rotor revolutions are used to average the

hot-wire and the airfoil mounted transducer signals.

DATA ANALYSIS

At each steady-state operating point, an averaged time-variant data set is

obtained which consists of the hot-wire and the airfoil mounted transducer signals

digitized at a rate of 200 kHz and ensemble averaged over 200 rotor revolutions.

This sample rate allows approximately g1 points between each rotor blade at the
aq
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design compressor rotational speed. These rotor revolutions are not consecutive

due to the finite time required for the A/D multiplexer system to sample the data

and the computer to then read the digitized data.

Each of these digitized signals is Fourier decomposed into harmonics by means

of a Fast Fourier Transform algorithm. Figure 3 shows the Fourier' decomposition

of a typical ensemble averaged time-variant pressure transducer signal. There is a

dominant fundamental frequency at rotor blade passing, with much smaller

amplitude higher harmonics and minimal nonharmonic content. Also shown is the

digitized signal together with the first three harmonics and their sum. This

summation is seen to yield a very good approximation to the original digitized

signal, further demonstrating that the time-variant signal is primarily composed of

the first three harmonics of the rotor blade passing frequency.

'The first harmonic magnitude and phase angle referenced to the data initiation

pulse are determined from the Fourier analysis of the data. To then relate the

rotor wake generated velocity profiles with the first harmonic surface dynamic

pressures on the instrumented downstream airfoil, the rotor exit velocity triangles

are examined. The change in the rotor relative exit velocity which occurs as a

result of the wake from a rotor blade is seen in Figure 1. This velocity deficit

creates a change in the absolute velocity vector which is measured with the cross-

wire probe. From this instantaneous absolute flow angle and velocity, the rotor

exit relative flow angle and velocity, as well as the amplitude and phase of the

perturbation quantities, are determined. The normal, v+, and parallel, u+,

perturbation velocities are determined from the following relationships.
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u+  Vmean .- Vco .an; v = Vsin(a-amean) (6)

where V..A is the mean flow velocity, V is the wake velocity, ce is the wake Ile

absolute flow angle, and amean is the mean absolute flow angle.

The hot-wire probe is positioned upstream of the leading edge of the

instrumented airfoil. To relate time based events as measured by this hot-wire

probe to the unsteady pressures on the airfoil surfaces, the following assumptions

are made: (1) the wakes are identical at the hot-wire and the instrumented airfoil

leading edge plane, and (2) the wakes are fixed in the relative frame. At a steady

operating poInt, the hot-wire data are analyzed to determine the absolute flow

angle and the rotor exit relative flow angle. Using the above two assumptions, the

3 wake is located relative to the hot-wire and the leading edges of the instrumented

airfoil suction and pressure surfaces. From this, the times at which the wakes are

present at various locations are determined. The incremental times between

occurrences at the hot-wire and the instrumented airfoil leading edge plane are

then related to phase differences between perturbation velocities and the airfoil

surface.

The final form of the unsteady pressure data defines the chordwise variation of

the first harmonic pressure difference across the chordline of a stator vane, and is

presented as a nondimensional complex unsteady pressure difference across the

airfoil chord in the format of the magnitude and the phase lag referenced to a

transverse gust at the airfoil leading edge.i !I
p
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PREDICTED GUST RESPONSE

An unsteady aerodynamic gust response model which considers steady

aerodynamic loading is needed to provide a baseline for accurate interpretation of

the unsteady data. This is accomplished utilizing the complete first order model,

i.e., the thin airfoil approximation is not used, and locally analytical solution

developed by Chiang and Fleeter. This model considers the flow of a two-

dimensional unsteady aerodynamic gust convected with the mean flow past a thick,

cambered, airfoil at finite angle of attack, ct, as schematically depicted in Figure

4. The periodic gust amplitude and harmonic frequency are denoted by A and W,

respectively. The two-dimensional gust propagates in the direction X = k1i + k2.,

where k, is the reduced frequency and k2 is the transverse gust wave number, i.e.,

the transverse component of the gust propagation direction vector.

The unsteady flow field is considered to be rotational, and is linearized about

S the full steady potential flow past the airfoil. Thus, the effects of airfoil thickness

and camber as well as mean flow angle of attack are completely accounted for

through the mean potential flow field. The steady potential flow field and the

unsteady potential flow are individually described by Laplace equations, with the

unsteady potential decomposed into circulatory and noncirculatory parts. The

steady velocity potential is independent of the unsteady flow field. However, the

strong dependence of the unsteady aerodynamics on the steady effects of airfoil

geometry and angle of attack are manifested in the coupling of the unsteady and

steady flow fields through the unsteady boundary conditions.
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A locally analytical solution is then developed. In this method, the discrete

algebraic equations which represent the flow field equations are obtained from

analytical solutions in individual grid elements. A body fitted computational grid is

utilized, Figure 5, which also shows the profile of the airfoil. General analytical

solutions to the transformed Laplace equations are developed by applying these

solutions to individual grid elements, i.e., the integration and separation constants

are determined from the boundary conditions in each grid element. The complete

flow field is then obtained by assembling these locally analytical solutions.

RESULTS

SA series of experiments were performed to investigate and quantify the rotor

wake generated high reduced frequency gust aerodynamic response of an airfoil,

including the effects of airfoil steady loading, the gust forcing function waveform,

and steady flow separation. To aid in the interpretation of these unique unsteady

aerodynamic gust data, appropriate predictions from the classical Sears flat plate

model and the thick, cambered airfoil model of Chiang and Fleeter are also

presented.

SNONSEPARATED FLOW

A low steady aerodynamic loading condition is established by setting the airfoil

at an angle of attack of 0.06 degrees. The data defining the airfoil surface static

- pressure distributions are presented in Figure 6. There is a smooth chordwise

pressure variation on each airfoil surface, with no indication of flow separation.
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Also, there is generally good correlation between the data and the inviscid Chiang-

Fleeter cambered airfoil steady flow prediction, with the exception of the airfoil

leading edge region.

The aerodynamic gust waveform is characterized by the ratio of the first

harmonic chordwise to normal gust component (u+/ +). The effect of the gust

-waveform on the unsteady aerodynamic response of the airfoil is considered by

establishing compressor configurations such that the airfoil angle of attack and

steady surface static pressure distributions are maintained per Figure 6, but with

the gust component ratio taking on values of 0.19, 0.35, and 0.53, Figure 7.

The effect of the aerodynamic gust waveform on the resulting unsteady pressure

j difference data is shown in Figure 8. The profile of the airfoil and, thus, the

surface steady loading distribution, has a significant effect on the unsteady

aerodynamic gust response. In particular, the chordwise variation of both the

magnitude and the phase of the unsteady pressure difference generally exhibit

much better correlation with the cambered airfoil predictions than with those from

the fiat plate model. The magnitude data exhibit good trendwise agreement with

the cambered airfoil prediction, with this model typically overpredicting the

magnitude of the pressure difference on the front 30% of the airfoil chord. This is

due to the strong coupling of the unsteady prediction on an accurate

representation of the steady flow field. As previously noted, the steady flow

prediction did not exhibit good correlation with the steady airfoil surface static

pressure data over the front part of the airfoil. Hence the poor unsteady data-

prediction correlation in this region. Also, the ratio of the first harmonic gust

W
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components, Cu+/- +), has an effect on both the magnitude and phase of the

unsteady pressure difference, although the general chordwise variation of these

data is not affected.

To investigate the effect of steady airfoil loading on the aerodynamic gust

response, the airfoil angle of attack was increased to 7.6 degrees. The static

pressure distributions on the airfoil suction and pressure surfaces together with the

steady Chiang-Fleeter predictions are shown in Figure 9. Relatively good

correlation is obtained, although not quite as good as at the lower angle of attack.

Again, the correlation between the data and the predictions is not very good in the

leading edge region of the airfoil.

The resulting unsteady aerodynamic gust response of the airfoil together with

the fiat plate and cambered airfoil predictions for a gust first harmonic component

ratio of 0.22 are shown in Figure 10. It should be noted that the reduced frequency,

kj, for these intermediate angle of attack data is increased as compared to the

previously presented low angle of attack data. This is associated with the use of a

low speed research compressor to generate the aerodynamic gust forcing function.

Again, the correlation of these complex unsteady pressure data with the can-l, r,

airfoil predictions is much better than with the flat plate model. In pa ,t

chordwise variations of both the magnitude and phase of the ts.

difference data exhibit good trendwise agreement with t,, ...

predictions. However, the phase correlation is not quit, as ...

loading level, with the magnitude data now overpredil,-,

airfoil. This is again associated with the Poor mr.. ,,
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surface pressure data and the model over the front part of the airfoil and the

dependence of the unsteady predictions on the steady flow field.

SEPARATED FLOW

Steady flow separation at approximately 35% of the airfoil suction surface was

established by increasing the angle of attack to 14 degrees, Figure 11. The effects

of this flow separation on the unsteady aerodynamic gust response are investigated

by comparing the resulting separated flow gust data with corresponding data

obtained at the previous intermediate airfoil angle of attack of 7.6 degrees where

the steady lift coefficient is nearly the same but the steady flow is not separated.

Also, both the parallel and normal gust components are maintained to be nearly

identical for these two configurations, Figure 12, with the ratio of the first

harmonic gust components being 0.218.

The resulting first harmonic unsteady pressure difference data are presented in

Figure 13. Also shown is the nonseparated flat plate prediction of Sears. The

cambered airfoil prediction is not presented because of the strong dependence of

the cambered airfoil predictions on the steady flow field and the inappropriateness

of the inviscid steady model for separated flow. The magnitude data for the

separated flow case show somewhat different trends than that for the nonseparated

flow in the leading and trailing edge regions of the airfoil. For the separated flow

configuration, the magnitude data are nearly constant over the front 15% of the "4-

airfoil, whereas the nonseparated data and the prediction indicate a decreasing

amplitude. Aft of 15% chord, the magnitude data show analogous trends, with
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both the separated and nonseparated data decreasing with increasing chordwise

position and attaining a minimum pressure amplitude value at 30% chord, similar

to the previous results. The magnitude data for both cases then gradually increase

3to values that are greater than the prediction near midchord, with the

nonseparated data being lower in amplitude up to this point due to the larger

Isteady surface pressure differences between the suction and pressure surfaces. Both

data sets then decrease with increasing chordwise position, with the separated data

decreased in amplitude relative to the prediction and the nonseparated data. This

is a result of the increased steady loading due to the separation in this region.

The phase data for the separated flow configuration have different trends than

the nonseparated data and the flat plate prediction near the separation point and

in the airfoil trailing edge region. Over the front 20% of the airfoil, the data and

the prediction show analogous trends of being nearly constant, with the separated

data increased relative to the prediction and the nonseparated data. Aft of 20%

chord, the separated phase data increase whereas the nonseparated data decrease

relative to the prediction. In the separated flow region, both the separated and

nonseparated data show similar trends. However, at 70% chord the separated

phase data jump to values larger than the prediction and increase with further

chordwise position. On the other hand, the phase data for the nonseparated case

show a gradual increase. Thus, separation affects both the magnitude and phase of

the dynamic pressure difference data, with the primary effect being on the phase.

To further investigate these separation effects, individual suction surface time-

variant pressure signals and their Fourier decompositions are considered. Figure 14

UI



presents a typical unsteady pressure signal upstream of the separation point and

the unsteady pressure signal at the same chordwise location for a configuration

where the flow is not separated. It is clear that the downstream separation point

affects bo.h the amplitude and waveform of the unsteady pressure. This becomes

more apparent in the spectrums of these nonseparated and separated unsteady

Ut pressures, Figure 15. The separated flow unsteady pressure has a much broader

spectrum than the nonseparated one. This pressure field distortion is most

probably due to the oscillation of the separation point generated by the periodic

aerodynamic gusts. This would occur at the same frequency as the forcing

function, but would be out of phase with it.

A completely different trend is found within the separated flow region. Figures

16 and 17 present the unsteady pressure signals for the separated and

nonseparated flow cases for the same chordwise position and their resulting Fourier

decomposition. There is little difference between the separated and nonseparated

unsteady pressures. However, the nonseparated unsteady pressure has slightly

more distortion which results in the higher order harmonics of the Fourier

spectrum. This distortion is due to the steady flow turning and the aerodynamic

loading of the airfoil. Within the separation zone, where there is a constant steady

static surface pressure, the pressure fluctuations generated by the separation point

oscillation are negligible, in contrast to the effect upstream of the separation point.

Such a phenomenon was also noted by Mabey [19721. The effect of the separation

point oscillation is probably damped out by the mass of recirculating fluid within

the separated flow region. Thus, the unsteady pressure within the separation zone

lop.
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is primarily responding to the aerodynamic forcing function.

The influence of the aerodynamic gust forcing function on the airfoil unsteady

aerodynamics when the steady flow is separated is considered by establishing an

additional airfoil configuration where the steady loading is nearly the same, having

an angle of attack on the order of 14.0 degrees, but the ratios of the gust

components are different. The airfoil steady surface static pressure distributions

for these two configurations are shown in Figure 18. The airfoil pressure and

suction surfaces have nearly identical distributions, with a fully separated flow

starting at approximately 35% of the chord. Figure 19 shows the aerodynamic

forcing function to the airfoil. The first harmonic ratios of the gust components,

(fi+ / -7+), are 0.218 and 0.186, with both the normal, f+, and the parallel, fi+, gust

components having different values.

The first harmonic unsteady pressure difference data for these two

configurations, with the nonseparated fiat plate prediction as a reference, are

presented in Figure 20. The magnitude data indicate analogous trends over the

entire airfoil chord, with the 0.186 (fi+ / i+) data being decreased in value relative

to both the prediction and the 0.218 (VI+ / +) data. In the trailing edge region the

data correlate well with each other and are decreased relative to the prediction due

to the high steady loading in this region. The phase data show different trends

than the previous high loading cases and with each other near the separation point

and the trailing edge. Over the front 25% of the chord, the phase data show the

same trends, with the 0.186 (fi+ +) data being in closer agreement with the

prediction. At 30% chord, the 0.218 (fi / 1+) data increase in phase whereas the

WNHOM
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0.186 (-+ /#+) data continue to show good trendwise correlation with the

prediction. From 40% chord to 60% chord, the phase data correlate with each

other but are decreased in value with respect to the prediction. Aft of 60% chord

the 0.218 (u+ / +) phase data are increased relative to the prediction and increase

with increasing chord. However, the phase data for 0.186 (a+ / +) first increase in

phase and then indicate a slight decrease with increasing chordwise position.

SUMMARY AND CONCLUSIONS

A series of experiments have been performed to investigate and quantify the

unsteady aerodynamic response of an airfoil to a high reduced frequency gust,

including the effects of the gust forcing function waveform, airfoil steady loading,

5and steady flow separation. This was accomplished by utilizing an axial flow

research compressor to experimentally model the high reduced frequency gust

forcing function, with the last stage stator vane row replaced with isolated

instrumented airfoils. Appropriate data are correlated with predictions from flat

plate and cambered airfoil convected gust models.

At low and intermediate airfoil angles of attack with the steady flow not

separated, the profile of the airfoil and, thus, the surface steady loading

distribution, was shown to have a significant effect on the unsteady aerodynamic

Ngust response of the airfoil. Also, the ratio of the first harmonic gust components

affects both the magnitude and phase of the unsteady pressure difference, although

the general chordwise variation of these data was not affected. In adition, the

chordwise variation of both the magnitude and the phase of the unsteady pressure

ppI.

Iwo f4 *
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difference data generally exhibit much better correlation with the cambered airfoil

predictions than with those from the flat plate model. However, the cambered

airfoil model typically overpredicts the pressure difference magnitude on the front

part of the airfoil. This is due to the strong coupling of the unsteady prediction on

an accurate representation of the steady flow field, with the steady flow prediction

not exhibiting good correlation with the steady airfoil surface static pressure data

5 over the front part of the airfoil.

The steady flow separation was shown to have a significant influence on the

unsteady aerodynamics on the airfoil surface upstream of the separation point and

also in the trailing edge region. Also, the separation affects both the magnitude

and the phase of the unsteady pressure difference data, with the primary effect

being on the phase data. Consideration of the individual suction surface unsteady

pressure signals and their Fourier decompositions revealed that: (1) the separation

affects the magnitude and the waveform of the unsteady pressure upstream of the

separation point as well as its harmonic content, possibly a result of an oscillation

of the separation point due to the harmonic gust; (2) the pressure signals in the

separated flow region and the corresponding signals with the flow not separated,

i.e., signals at the same chordwise position, exhibit only small differences; (3) in the

separated flow region, there is a constant steady static surface pressure, with the

pressure fluctuations generated by the oscillation of the separation point negligible.
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3 ABSTRACT

A locally analytic numerical method is developed to predict the two-dimensional

internal and external steady laminar flow of an incompressible viscous fluid. In this

method, analytic solutions of locally linearized partial differential equations are

incorporated into the numerical solution. This is accomplished by dividing the flow

field into computational grid elements. In each individual element, the nonlinear

convective terms of the Navier Stokes equations are locally linearized, with analytic

S solutions then determined. The solution for the complete flow field is obtained by

the assembly of these locally analytic solutions. The nonlinear character of the

complete flow field is preserved as the flow is only locally linearized, i.e.,

independently linearized solutions are obtained in individual grid elements. This

locally analytic numerical solution method is used to analyze the viscous flow in "a

several internal and external flow configurations, with the prediction of flow

development, reversal, separation, and reattachment demonstrated over a range of 'a

moderate values of the Reynolds number. In particular, three internal and one

exernal flow configurations are investigated, with predictions obtained for entrance

flow development in a straight channel, the flow through a sudden expansion, i.e.,

over a backward step, the flow in a diffuser, and the flow past a flat plate airfoil

over a range of mean flow incidence angle values.

•1

............................................................
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U NOMENCLATURE

a,b,c,d boundary constants
A local grid velocity constant
B local grid velocity constant
h step height
H channel half-height
L reattachment length
P dimensionless pressure
Re  Reynolds number
U nondimensional velocity in X direction
V nondimensional velocity in Y direction
X coordinate in mean flow direction
Y coordinate in normal flow direction
a X step size in X direction
AY step size in Y direction
(Xo,Yo) center of grid element
'I' stream function

vorticity

Superscripts

stream function
vorticity

S Subscripts

(i,j) nodal point
p particular solution

,4.

'
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INTRODUCTION

The steady laminar flow of an incompressible viscous fluid is described by the

Navier-Stokes equations. Solutions to these coupled nonlinear partial differential J* 0

equations are difficult to determine, with exact solutions existing only for very 9

idealized flow situations. As a result, numerical solution techniques are being 0

developed. However, when the nonlinear convective terms are significant,

difficulties such as numerical instability and slow convergence are often

encountered.

The various numerical methods differ in the means used to derive the

corresponding algebraic representation of the differential equations. In finite

difference methods, Taylor series expansion and control volume formulations are

typically used, with numerical instability problems overcome by utilizing central

differences for the diffusion terms and upwind, or backward, differences for the

convective terms. In finite element methods, variational formulations and the

method of weighted residuals are employed, with analogous upwind schemes

utilized. In the locally analytic numerical method, analytic solutions to locally

linearized differential equations are incorporated into the numerical method.

The concept of locally linearized solutions of nonlinear flow problems was

developed and used to predict the steady inviscid transonic flow past a thin airfoil

by Spreiter et al., references 1, 2, and 3, and subsequently extended to oscillating

a%
airfoils in transonic flow by Stahara and Spreiter, reference 4. Also, Dowell [5). %

developed a rational approximate method for unsteady transonic flow which is :%
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broadly related to the local linearization concept. The locally analytic numerical

technique which is based on the locally linearized solution approach, was initially IN

developed by Chen et al., references 6 through 9, for steady two-dimensional fluid

flow and heat transfer problems. They have shown that this method has several

advantages over finite difference and finite element methods. It is less dependent

on grid size and the system of algebraic equations are relatively stable. Also, since

S the solution Is analytic, it is differentiable and is a continuous function in the

S solution domain. The disadvantage of the locally analytic numerical method is

that, as will be seen, a great deal of mathematical analysis is required.

In this paper, the two-dimensional steady laminar flow of an incompressible

viscous fluid in both internal and external flow configurations are predicted by

developing a locally analytic numerical solution method. The flow field is first

divided into computational grid elements. In each individual element, the

nonlinear convective terms of the Navier-Stokes equations are locally linearized,

with analytic solutions then determined. The solution for the complete flow field is

obtained by assembly of these locally analytic solutions. The nonlinear character l

of the complete flow field is preserved as the flow is only locally linearized, i.e., .s.

independently linearized solutions are obtained in individual grid elements. The

ability of the locally analytic numerical method to predict viscous flow

development, reversal, separation, and reattachment, is then demonstrated at

moderate values of the Reynolds number by considering several steady internal and

external flow configurations. 
W1

. .- 0
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3 MATHEMATICAL MODEL

The two-dimensional steady laminar flow of an incompressible viscous fluid is

described by the nondimensional continuity and Navier-Stokes equations.

au (9v. OU OV 0 (1a) " .

ax (la)y

U U P a1[ 2U+ 02U (1b)ax ay ax Re [ax2  ay2I 2V

]1
OVa +V OP 1 2VVuav + av + - + 1 + (c)

ax ay aY- Re a 2  a 2 (c

where X and Y are the independent variables parallel and normal to the mean flow

direction, U and V are the corresponding dimensionless velocity components, P is

the dimensionless pressure, and Re denotes the Reynolds number.

The boundary conditions specify that there is no slip between the fluid and the

solid surfaces and that the normal velocity of the fluid is zero on these surfaces.

U=O ; V=O on surfaces (2)

There are three dependent variables, the two velocity components and the

pressure. To reduce the number of dependent variables, the continuity and

Navier-Stokes equations are rewritten in terms of the vorticity, , and the stream

function, ,Equations 3 and 4.
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v Re _K_ + V I] (3a).+-'"

-- on boundaries (3b)

V2 ' %p ((4a) 0

%= 0 on boundaries (4b)

av au 84'where =- - -; U aY V="

The vorticity equation is nonlinear, with the stream function described by a

Poisson equation which is linear and coupled to the vorticity equation through the

vorticity source term.
S

LOCALLY ANALYTIC NUMERICAL METHOD

In the locally analytic numerical method, analytic solutions of locally linearized

partial differential equations are incorporated into the numerical solution. This is

accomplished by dividing the flow field into computational grid elements and -.

linearizing the nonlinear convective terms of the vorticity equation in each

individual grid element. Analytic solutions to the linear equations describing the

vorticity and the stream function in each element are then determined. The

solution for the complete flow field is obtained through the application of the global

boundary conditions and the assembly of the locally analytic solutions in the

. :'..2.:

. . . . . ... . . . . .A-, ..-.. - , - -. ' , .. - '& ,
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U individual grid elements. w

S Typical Grid Element

The vorticity and stream function equations are elliptic. Thus, to obtain unique

analytic solutions in the typical grid element schematically depicted in Figure 1,

continuous boundary conditions are required on all four boundaries. However, the

S element boundary conditions specify the values of the vorticity and the stream

~ function only at the eight nodal boundary points. The requirement for continuous

element boundary conditions is achieved herein by expressing the nodal boundary

values in an implicit form as a second order polynomial in terms of the three

known nodal values on each element boundary, Equation 5.

R(X,Y +/Y) -a + l X +a X 2  (5a)

C(X,Yo - AY)= b +bX +bjX 2  (5b)

(X o + AXY) =C + cS y + c y2 (5c)
I.

Ile C(X o -AX,Y) d +- dj Y + d y 2  (5d)

tP(X,Y o + AY) a + a ' X +4 a X2  (Se)

k(X,Y o - AY) = bO + be X + btX (Sf)

O(X o + Yy) - c + cy + ct y2 (5g)

9 (5g)
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O(X o - AX,Y) =d-O + de¢ Y + dt' y2 (5h)

where the ai, bi, ci, and di terms are constants determined from the three nodal :

points on each element side.,. .

Vorticity Solution ':

. The vorticity equation is nonlinear because of the inertia terms

nuI

U-Kx and V (M. These terms are locally linearized by assuming that the "

velocity component coefficients U and V are constant in each individual grid "-?

element, i.e., locally constant, Equation 6. .-

U=A V B(6

.5

where A and B are constant in an individual grid element, taking on different "

values in each element.

The resulting locally linearized vorticity equation is given in Equation 7. I-

3 A 9 C -2' (7)

The analytic solution for the vorticity subject to the appropriate boundary

i conditions is obtained utilizing the superposition principle. The vorticity is d

decomposed inotocomponents, eahhaving only two nonhomogeneous boundary

ponso iec lntt saide.

conditionsolution

°-.

The ortiityequaion is nnliear ecaue o theinetia erm
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C = Ca + b (8) %

492ca 92(9)
,9X2 + _e_=A _ +3 B~e (9' (:
OX2  9y 2  ax 9Y

where:

a(X,yo + AY) eA X + BA)[a + a X + a X21

(X,y - Ay) e b + bX + b X21

C(Xo + x,Y) 0 "..

a(Xo - xy) =0
xA

+2Eb - A _ +B a-b (10)

aX 2  ay 2  ax (Y

where:

Cb(XY o + AY) =0

Cb(X,Y -AY) = 0
' Cb(x o + L 'XY) = -e(A A X+ B Y)[cq + cj y + c3f y2]

!77' b(X o  AX,Y) e(AAX-B Y)[d + d Y + df y2.

The general analytic solutions for Ca and Cb are found by the separation of

variables technique. After application of the boundary conditions for each

component, the analytic solution for the vorticity, Equation 11, is determined by

combining the two component solutions.

'

W ' , . % . - w * % . > - .. ? ,y *? . . - , : . . . , - , . 5 ; ; -" o . * S 5, * 5 . .v .
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E(XY~eAx±Y~E { [Ginsinh(DI.X)+C 2 ,ncosh(D 1nX) ]sin(XiEUY+LAy))

+ ~ ih(D 2 .Y) + C4 n cosh(D 2 .y)]I sifl(Xn(X+LA.X))}

The final algebraic form of the vorticity solution specifies the value of the

vorticity at the center of the element as a function of the neighboring eight nodal

values, Equation 12.

C~x' o)= Z1 C(x0 + AXYo + A~Y) + Z2 C(Xo + LNX,Y 0 ) (12)

+ Z3 C(Xo +AX,y - AY) +Z 4 (Xoyo -AY)

+ Z5C(Xo -AXY -AXY) + Z6C(Xo -AXY 0 )

+ Z7C(Xo -A X,Yo + A~Y) + Z8C(Xo0Y0 + A~Y)
where:

A.A
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Ay2 In

Z3 = I , 13 1- +2

13Y +yI 2 AX (12 + 3 )Ejn

Z4 =(Ii ----- jn

15 =(1-+ 2En + -2 --_)Ej l2AY AY 2AX AX

1 - fI

-7= (f+)Ejn + + T3 E f2AY Y 2AX~' AX

z= CI1 f 13 )EIn

2C
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E e-AAX 00 sin(X1 nAY)
1n 2A c osh(D1 LX

eAWX 00 sin(X1nAY)
E 2i -Y 1 COsh(D 1 lnX)

_______Y o sin(X92iXX)

2AX Ecs(

nir

Dn(A 2 + B2 + >2)

if= -Ay f AY eBYsin(X2 (Y+zAy))dy

= -Ayf "Y 2e-BYsin(X 2 n(Y + L\Y))dY .

AX-AX
-,lf e sin(X2n(X + AX))dX

T2'= ,xf xxX sin(X2 n(X + AX))dX

13 =-, ,f 2e-AXsin(Xn(X +A)d

3-+R)d
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Stream Function Solution

The stream function is described by a Poisson equation which is linear and

coupled to the vorticity through the source term, Equation 4. The locally analytic

solution for the stream function is obtained in a manner analogous to that used to

S solve for the vorticity. In particular, the superposition principle is utilized to

decompose the stream function into two components, Equation 13. One component

is described by a homogeneous Laplace equation with nonhomogeneous boundary

conditions, Equation 14. The second component consists of a nonhomogeneous

Poisson equation but with homogeneous boundary conditions, Equation 15.

q, = ja + *b (13)

2p a  - 0 (14)

where:

%p a(Xyo + Ay) = aj +a X+a 1 X 2

qia(X,Yo - AY) = b * + b* X + blX 2

! (X+AX,Y) = +d 1  Y+d+2Y 2

*a(X 0 - XpY) = d* + d" Y + d1'y2
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372 = - (15)

xpb(Xy o + AY) =0

xpb(Xy, - AY) -0

qxb(x o + AX,Y) 0

qb(x -AX,Y) 0

The mathematical problem for %Pa specified in Equation 14 corresponds directly

to that for the vorticity. Thus, the separated variables solution for T1 a is obtained

in an analogous manner to that previously described for .

The solution for q1bis somewhat more complex in that it is described by a

nonhomogeneous Poisson equation. The homogeneous solution for Ib is defined by

r a Laplace equation, and is thus also determined by separation of variables.

However, the nonhomogeneous source term for the particular solution is the

vorticity, , .which itself satisfies a Laplace equation. Thus, the particular

solution, qpb ,is determined by assuming a separated variables Fourier series

solution form, Equation 16.

00
wp(X,Y) = E Fn(Y)sin[XI(X+AX)] (16)

n=1

where X*'n are the eigenvalues of the homogeneous solutions and the function

Fn(Y) is unknown.

The particular solution is determined by finding the unknown function Fn(Y).

This is accomplished by first expanding the previously determined nonhomogeneous

Z4
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S vorticity term, specified in Equation 11, in an analogous Fourier series.

C(l) 0(17)
~(X,)=E Gn(Y)sin[Xj1n(X+zAX)] 17

n=1

These Fourier series for 'Ib and are then substituted into Equation 15 which

defines pb. This leads to the following nonhomogeneous second order ordinary

differential equation for the unknown function Fn(Y).

d2F 
(18)

This equation is easily solved for Fn(Y), thereby determining the particular

solution, pb

The complete solution for the stream function, %P(X,Y), given in Equation 19, is

obtained by the superposition of the two component solutions, Ia and 'Pb after

application of the appropriate boundary conditions.

-
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00
T(Xjy) Jr11  sinh (X~X) + H2n cosh(X*X)] sin[Xl"(Y + AY)J

+H3 . sinh (X *Y) + Hu cosh(X *Y)] sin [X *(X + z\X)]

+ H5n(X'I~Y) + H6nCosh(Xj'"Y) + H7n + H8ny In

+ t lg ] si1n[> lL( + L~ t J

The final algebraic form of the stream function specifies the value of the stream

S function at the center of the element as a function of the neighboring eight nodal

g values, Equation 20.

'I'(X0 ,yo) = Pl*(Xo+ Xyo+ AY) +P 2 (Xo + X,yo) (20)

+ P3 IkX 0 +LAX,yo-Ay) + P44/(Xo,y 0 -AY)
P5''(Xo-XX,yo-A y) + P6 T1(X 0 -AXY)

+ P7 %P(Xo-XX,yo + A~Y) + PS*I(Xo0 y0 + LAY)

+ QIE(XO + AXYo + AXY) + Q 2 C(X, + AXi,)

+ Q3 C(Xo + AX,Yo-Ay) + Q4C(Xo,yo-LAY)

+ Q5 C(Xo-LAXyo-Ly) + Q6C(Xo-XX,yo)

+ Q7 C(Xo-LAX,yo + A~Y) + QSC(Xo,Yo + A~Y)

+ QgE(XoY 0 )

where: '
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, (I* + -13)E + 1:3_ )

P 2 -(I- .)E

Ay2 )EI

'A P3 = N A I + - 4(2 -Ax2

P= - 3 )2

2 (1x 2 2nI* -)E
P5 2A Y In12 (- -2-2n -2 AX

6. V)';"

4 Ay2  "I - I
P7 - (I* + IL3 )E Cl r

2Ay 2 ( A 2 -InAx 2

P8 = )E ,--- - E2k2 i!
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E (-If' +
Q7 =4A Ay2 (-2+L3X )E"In

Q8 - (LY2 )EIn

Q9 (E* E )(I \P )E*n ..
Q n Ay 2  I / In-

° 1,
lr~8 2LY2~ L~ 2 in

=* sin(X>'nAY)E1 n 2AYcoshX>1nX

= sin(X2nLhX)

2nXXcoshX2nAY

E 4 -1 + cosh(XInAY )
X1n2&cosh(XInAY)

E = -2 In + 2cosh(XlnAY)

AXXjtncosh(XInAY)

Computational Procedure

The above technique is applied to adjacent grid elements with the boundary

nodal point considered as the interior point. For a general grid element with

center at (i,j), the resulting algebraic equations which relate the values of the

vorticity and the stream function at the center with their corresponding known

values at the eight surrounding nodes are given in Equations 21 and 22.."

0"4
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00~iJ)=Pi+lj+1 i(i+i,i+1) + Pi+ 1,jv(i+1,i) (21)

+ Pi~1l.....p(i+1j-1) + Pij- 1 ikiJ-i)

+ piI-0 -J1 +

+ Pi 1 ,1' 1 tIO-i'j+i) + Pij+IkOi'j±1)

+ Qil~ciljl + Q+,cilj

+ Qij-lc(i+,j-i) + Qij ''-1)

U+ Qii-1 -- + Q-'01
+ Qi1j10 Ij1 + Qij+1c(i,i+i) + Q'0j

O(iJ) = Zil~clljl + zi+U10(+19j) (22)

+ Zi+,....(i+,j -1) + z -oji

+ Zi..... 1,10 -I~J-i) +

+ ZiIjI0 IjI + Z1 ,j+1 ~i0j+i)

These algebraic solutions for the vorticity and stream function are coupled and,

thus, must be solved iteratively. With global boundary conditions applied, the

above interior point solution leads to a system of algebraic equations. These are

given in Equations 23 and 24 for a fixed value of j.

IM

11 1 ! ', ( 1 jjjW
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! --Pi-lds(i-l'J) + 0(ij) - Pi+l,j(i+l,j) (23)

= P i + l ,j+ 1 (i+lj+l) + Pi+lj..I(i+1,j-1) + Pij.. 1 (i,j -1)

+ Pi-,.j.. 1 (i-1,i-j) + Pi-l'j+lV(-l'j+l)

+ Pi,j+ii(ij+l) + Qi+,+ 1 (i+1 ,ij+) + Qi+l,jc(i+l,j)

+ Qi+lJu (i+1,j-1) + Qi'4.j-1)

+ Qi-lj-lc(i-l'j-1) + Qi~lj (i-i,j)

+ Qi-.,j+ 10(i-i,j+i) + Qi,j+lc(i,j+l) + Qi,1j(ij)

Zi+ '(i,j) +- Z0+l1j (i+1,j) (24)

= Zi+lj+(i+l,j+l ) + Zi+l 1 1 (i+lj-1) 4'

+ Zi~j li-1 ) + Zi-ij0l'i-1 )

+ Zi 1',j+1 .(i-1,j+1) + Zij+ 1C(ij+l)

The right hand sides of these two equations are known, i.e., the (j-1) terms are

known from the boundary conditions or the last sweep, with the (j+l) terms

determined from the boundary conditions or the previous iteration. They can be

written as tridiagonal matrices and then solved by Thomas algorithm for all j

values.

To begin the solution process, the stream function solution is first determined

from Equation 23. The constants in this equation, Pij and Qij, are calculated for

each nodal point. These need only be calculated once as they are the same for all

grid elements and all iterations. This equation is then solved line by line by

sweeping in the j direction and using the tridiagonal matrix solver with each j held '

constant. 1
F4
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The vorticity is then determined from Equation 24 using the tridiagonal matrix

solver. After internal convergence is achieved, successive over relaxation is used for

the stream function and the vorticity to expedite the external iterative process.

This whole procedure is repeated until overall convergence is achieved.

RESULTS

This locally analytic numerical solution method is used to analyze the internal

and external two-dimensional laminar flow of an incompressible viscous fluid, with

the prediction of flow development, reversal, separation, and reattachment

demonstrated for moderate values of the Reynolds number. In particular, three

internal and one external flow configurations are investigated, with predictions

obtained for entrance flow development in a straight channel, the flow through a

sudden expansion, i.e., over a backward step, the flow in a diffuser, and the flow V

past a flat plate airfoil over a range of mean flow incidence angle values.

Entrance Region Flow Development

The predicted development of a uniform inlet flow as it progresses downstream

in a channel comprised of two parallel plates is presented in Figure 2 for a

Reynolds number of 10. These predictions were obtained on a 31 x 11

computational grid with LX = AY . 0.1 and internal and external tolerances

for the stream function and vorticity of 10 - 6 and 10 - 4 , respectively. On a Cyber,"
205 vector processing computer, 79 overall iterations were required, taking 41.5

, CPU seconds. The velocity profiles show the boundary layer development along the

length of the plate, with the boundary layer thickness increasing with distance

A4
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Oi.i

from the entrance. Also, presented are the classical fully developed results from

reference 10. As seen, excellent agreement is obtained.
p

Sudden Expansion (Backward Step)

This example considers the viscous flow in a channel of height 2H which

undergoes a sudden expansion to a channel of height 2(H+h). As the flow

configuration is symmetric about the centerline, the solution is obtained by

considering one half of the channel, i.e., the flow over a backward step. The

abrupt geometry of the step results in the flow separating from the step and

reattaching on the bottom of the flow channel. These separation and reattachment

locations are predicted as follows. The vorticity is defined as a- x a!

aava
Flow separation from a boundary occurs when 0. As the normal velocity is

always zero on the boundaries, 9u 0. Thus separation from a boundary is

predicted when = 0.

Figures 3 and 4 present the predicted stream function contours for the flow

through channels with inlet to exit flow area ratios of 3:1 and 2:1, h/1I - 2 and 1,

respectively, at Reynolds numbers between 10 and 80. These predictions were

obtained on a 71 x 16 grid with AX = AY = 0.05. The internal and external

convergence criteria were 10- 5 for the stream function while the internal and

external tolerances for the vorticity were 10-2 and 5x10 - 2 , respectively.

Computational time averaged about 310 CPU seconds on the Cyber 205 for all

cases, with an average of 70 overall iterations.

~ %a S% ~~~\ *S~~~*'~ V ~ * !. ~
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IThe stream function contour plots show the flow separation from the side of the

step, Point A, and the reattachment on the bottom of the flow channel, Point B.

Also, the recirculation zone at the base of the step is clearly defined, with a vortex

formed due to the reverse flow. Note that as the Reynolds number is increased, the

separation point moves upward on the step and also reattaches at a point further .

downstream. With the predicted locations of the separation and reattachment S

points known, the relationship between these two locations can be determined. In

particular, a linear relation between the nondimensional reattachment length from

the step, L/I, and the Reynolds number for these two step geometries is predicted, -.

Figure 5. This is in agreement with the experimental results of Goldstein et. al. "A

1111 and also the Navier Stokes numerical solutions of Morihara 1121.

Diffuser

The predicted stream function contours for the flow througa a diffusing channel

O with a 450 angle of divirgence at Reynolds numbers of 10 and 15 are presented in

Figure 6. The tolerances for the stream function and vorticity were 10- 4 and

10, respectively, requiring 52 overall iterationq and 64.8 CPU seconds. This

internal flow configuration demonstrates flow separation and reattachment
b

resulting from the strong adverse pressure gradient in this highly divergent

channel. The separation and recirculation regions are predicted, with the

separation location moving downstream as the Reynolds number is decreased.

" '- € " . " " ." "" ," ." " " "" ." ." "". -"'." .""-""- "" "" -" -""-""- ". "'"." -''-''. ". " " " -' -"
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Flat Plate Airfoil

Predictions of the flow past a flat plate airfoil at mean flow incidence angles of

00, 12', and 180, and Reynolds numbers between 100 and 1,000 are presented

in Figures 7 through 13. In these figures, the overall features of the flow field are

shown in the form of stream function contours, with vorticity distributions on the

airfoil surfaces used to quantify the regions of flow separation. In particular, the

stream function contours qualitatively show the separation region with the vorticity

distributions on the upper and lower surfaces of the airfoil showing the exact

locations of the flow separation and reattachment. When the vorticity is zero, the

flow separates from the airfoil surface, with reattachment predicted when the

__ vorticity again takes on a zero value.

For these predictions, a 45 x 35 grid with AXX = AY - 0.025 was utilized.

The convergence criteria for the stream function was 10- 4 while the internal

tolerance for the vorticity was 10-2 and the external convergence criteria was

5x10 - 2 . Computational time on the Cyber 205 ranged from 565.6 CPU seconds

for a Reynolds number of 100 at 00 of incidence, requiring 163 stream function -

vorticity iterations, to 1105.6 CPU seconds requiring 321 iterations for a Reynolds

S number of 1000 at an incidence angle of 120.

At each incidence angle, the thickness of the boundary layer decreases as the

Reynolds number increases, as expected. Also, at 00 of incidence, the flow does

not separate from the airfoil, as seen in Figures 7 and 8 for Reynolds numbers of

100 and 1,000, respectively. However, as the incidence angle is increased, regions of

separated flow are predicted, with the characteristics of the separation at each
.9.,
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I incidence angle a function of the Reynolds number.

At 120 of incidence, no flow separation is found at a Reynolds number of 100,

Figure 9. However, increasing the value of the Reynolds number is seen to result in

separation. At a Reynolds number of 500, Figure 10 shows that the flow separates

from the airfoil at approximately 40% of the chord and reattaches near the trailing

edge. Increasing the Reynolds number to 1,000 results in the flow separation

position moving forward to approximately 25% of the airfoil chord and the

reattachment point moving just slightly forward, Figure 11.

The effect of Reynolds number on flow separation and reattachment on the

airfoil is further demonstrated at an incidence angle of 180. At a Reynolds number

of 100, Figure 12 shows that the flow separates from the airfoil near midchord, with

reattachment indicated at approximately 80% of the chord. Increasing the

Reynolds number to 500, results in moving the separation point forward to 10% of

the chord, with reattachment moving rearward to approximately 95% of the chord,

. Figure 13.

SUMMARY AND CONCLUSIONS

A locally analytic numerical method has been developed to predict the two-

dimensional internal and external steady laminar flow of an incompressible viscous

fluid. In this numerical method, analytic solutions of locally linearized partial

differential equations are incorporated into the solution. This is accomplished by

dividing the flow field into computational grid elements. In each individual

element, the nonlinear convective terms of the Navier-Stokes equations are locally
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linearized, with analytic solutions then determined. The solution for the complete

flow field solution is obtained by the assembly of these locally analytic solutions.

The ability of this locally analytic numerical solution to predict flow

development, reversal, separation, and reattachment at moderate values of the

~ Reynolds number for both internal and external flow configurations was then

demonstrated. This was accomplished by utilizing this numerical solution -

S technique to predict the developing flow in a straight channel, the flow through a

~ sudden expansion, i.e., over a backward step, the flow in a diffuser, and the flow

past a flat plate airfoil over a range of mean flow incidence angle values.

.
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Re=tO

Re=3Q

Figure 4. Stream function contours for the flow in a
channel with a sudden expansion of area
ratio 2:1
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ABSTRACT

A complete first order model is formulated to analyze the effects of steady loading on

the incompressible unsteady aerodynamics generated by a two-dimensional gust

convected with the steady mean flow past an arbitrary airfoil at finite nonzero angle of

attack. A locally analytical solution is then developed in which the discrete algebraic

equations which represent the flow field equations are obtained from analytical solutions

in individual grid elements. The unsteady flow field is rotational, and is linearized

S about the full potential steady flow past the airfoil. Thus, the effects of airfoil geometry

and angle of attack are completely accounted for through the mean potential flow field.

The steady flow is independent of the unsteady flow. However, the strong dependence

of the unsteady flow on the steady effects of airfoil geometry and finite angle of attack

are manifested in the unsteady boundary conditions which are coupled to the steady

flow. A body fitted computational grid is utilized. Analytical solutions to the

transformed flow equations in individual grid elements are then developed, with the

complete solution obtained by assembling these locally analytical solutions. This model

and locally analytical solution are then applied to a series of airfoil and flow

configurations. The results demonstrate that accurate predictions for the unsteady

aerodynamic gust response are obtained only by including the coupled steady flow .

effects on the unsteady aerodynamics. Thus for cambered, or cambered and thick

airfoils ..t zero or finite angle of attack, or a thin flat plate airfoil at a nonzero angle of

attack, the model and solution developed herein accurately predict the gust response.

It was also demonstrated that the classical small perturbation combined transverse and

chordwise gust models yield accurate predictions only for the special case of a thin flat

plate airfoil at zero angle of attack, i.e., only when the chordwise gust is zero. I



NOMENCLATURE

b airfoil semi-chord, c/2

c airfoil chord

cf. angle of attack

lu 00far field uniform mean flow

U00 far field uniform mean flow velocity

A gust amplitude

W gust harmonic frequency

~ Xgust propagation direction vector

k, reduced frequency, cb/Uo

k2 transverse gust wave number

92 complete flow field

0 steady mean flow

G harmonic gust generated unsteady flow

4 o steady velocity potential

x nondimensional chordwise coordinate, x/b

y nondimensional normal coordinate, y/b

0 polar coordinate

F steady flow circulation

fl surface unit normal

- R rotational unsteady flow field

a P potential unsteady flow fieldP

PR unsteady pressure associated with rotational flow

u+  chordwise gust component

v +  transverse gust component

..
% ' % .%%. .*i
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VG unsteady harmonic gust potential

Vc circulatory gust velocity potential

U4NC non-circulatory gust velocity potential

P unsteady circulation

W? airfoil upwash

S f function describes airfoil profile

Pp unsteady pressure associated with potential flow

P) G total unsteady pressure

transformed chordwise coordinate

17 transformed normal coordinate

Or,'- transformed coordinate functions

F source term contains the cross derivative term,

shorthand representation for velocity potential¢0,oPVNC,(VCo

transformed velocity potential

SUPERSCRIPTS

+ upper surface

lower surface

F4

L.
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INTRODUCTION

The aerodynamic response of an airfoil to a gust is of significance to unsteady

aerodynamics, aeroelasticity, and acoustics. However, unsteady aerodynamic gust

models have typically been restricted to thin airfoil theory, with the unsteady gust

disturbance assumed to be small as compared to the mean steady potential flow field.

In addition, the airfoil is considered to be a flat plate at zero incidence. Thus, the

unsteady aerodynamics become uncoupled from the steady flow, leading to a model

wherein the flow is linearized about a uniform parallel flow. Such models have

considered convected gusts transported with the mean velocity of the flow, including

both transverse gusts, Sears [1], and linearly combined transverse and chordwise gusts,

Horlock 121, with the application of isolated airfoil theories to turbomachines discussed

by Horlock and Naumann and Yeh [3]. Unfortunately, these linearized models are only

approximate, having neglected second order terms. Thus, they cannot be extended to

finite angles of attack or realistic cambered profiles, i.e., loaded airfoil designs.

In many applications, for example aircraft wings and turbomachines, airfoils with

arbitrary shape, large camber, and finite angles of attack are required. It is quite

apparent that the thin airfoil approach is not adequate for such applications. In this

regard, Goldstein and Atassi [41 developed a theory for the inviscid incompressible flow

past an oscillating airfoil or an airfoil subject to an interacting periodic gust. The

theory assumes that the fluctuating flow velocity is small compared to the mean

velocity, with the unsteady flow linearized about the full potential steady flow past the

airfoil which accounts for the effects of airfoil geometry and angle of attack.

All of the above noted unsteady aerodynamic models utilize classical airfoil

techniques, resulting in analytical solutions. Thus, solutions in the form of integral

equations are obtained for the unsteady lift, not the unsteady pressure distribution on

the airfoil surfaces which is the fundamental dependent variable. Although such

F4
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classical models and integral solution techniques are certainly important, the

development and use of computers and numerical methods enables the mathematical

I modeling to be extended and enhanced. For example, the results presented by Goldstein

and Atassi are limited to zero thickness airfoils which have analytical solutions for the

steady flow field. However, numerical methods require that the flow field equations be

approximated by a set of finite difference equations determined from expansions of

appropriate variables. Thus, truncation errors are introduced into the numerical P

solutions.

In this paper, a complete first order model is formulated, i.e., the thin airfoil

approximation is not used, to analyze the effects of steady loading on the incompressible

unsteady aerodynamics generated by a two-dimensional gust convected with the steady

mean flow past an arbitrary thick, cambered, airfoil at non-zero angle of attack. The

unsteady flow field is considered to be rotational, and is linearized about the full steady

potential flow past the airfoil. Thus, the effects of airfoil thickness and camber as well

as mean flow angle of attack are completely accounted for through the mean potential

~ flow field. The steady potential flow field and the unsteady potential flow component

are individually described by Laplace equations, with the unsteady potential

decomposed into circulatory and noncirculatory parts. The steady velocity potential is
P.

independent of the unsteady flow field. However, the strong dependence of the

unsteady aerodynamics on the steady effects of airfoil geometry and angle of attack are

manifested in the coupling of the unsteady and steady flow fields through the unsteady

boundary conditions.

A locally analytical solution is developed. In this method, the discrete algebraic

equations which represent the flow field equations are obtained from analytical solutions

in individual grid elements. Thus, this locally analytical method relates classical fluid

mechanics and modern computational techniques. A body fitted computational grid is

utilized. General analytical solutions to the transformed Laplace equations are

N
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developed by applying these solutions to individual grid elements, i.e., the integration

and separation constants are determined from the boundary conditions in each grid

elements. The complete flow field is then obtained by assembling these locally

analytical solutions.

The concept of locally linearized solutions was applied to the problem of the steady

inviscid transonic flow past thin airfoils by Spreiter et al, references 5, 6, and 7, and

subsequently extended to oscillating airfoils in transonic flow by Stahara and Spreiter,

reference 8. Also, Dowell developed a rational approximate method for unsteady

transonic flow which is broadly related to the local linearization concept, reference 9.

The locally analytic numerical method for steady two-dimensional fluid flow and heat

transfer problems was initially developed by Chen et. al., reference 10 through 12. They

have shown that this method has several advantages over the finite difference and finite

element methods. In particular, it is more accurate as no truncation errors are

introduced, less dependent on grid size and the system of algebraic equations are

I relatively stable. Also, since the solution is analytical, it is differentiable and is a

continuous function in the solution domain. The disadvantage is that a great deal of

mathematical analysis is required before programming.

MATHEMATICAL MODEL

The flow of a two-dimensional unsteady aerodynamic gust past a thick, cambered,

airfoil at finite angle of attack ct with respect to the far field uniform mean flow,

Su 00 = U00i, is depicted schematically in Figure 1 together with the dimensionless

.. cartesian coordinate system. The periodic gust amplitude and harmonic frequency are

denoted by A and w, respectively. The two-dimensional gust propagates in the direction

X - k1 -+ kzj, where k, is the reduced frequency and k2 is the transverse gust wave

number, i.e., the transverse component of the gust propagation direction vector.

The complete flow field, . (x, y, t), is assumed to be comprised of a steady mean

1S
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flow and an harmonic gust generated unsteady flow field.

9 (x, Y, t) .2 o(X, y) + 9- G(X, y) exp [ikit ]  (1)

U
STEADY FLOW FIELD

The model for the steady flow field analyzes the incompressible flow past a thick,

cambered, airfoil at finite angle of attack. As the steady flow is assumed to be a

potential flow, it is described by the following Laplace equation. (2)

VN¢.(., y) -0 (2) -

The boundary conditions require that the far field steady flow is uniform and that

the normal velocity is zero on the airfoil surfaces.

4I lfarfeld "m Uoo X + 2r(a2ir

=40Iarol-0 (3b)

where U., is the magnitude of the far field uniform flow, Fr is the steady flow circulation,

9 is the standard polar coordinate, and fi denotes the surface unit normal.

The Kutta condition is also applied. It is satisfied by requiring the velocities on the

upper and lower airfoil surfaces to be equal in magnitude at the trialing edge.

o1+ l (4)
loTh1&oTE

where TE, + and - denote the airfoil trailing edge and the upper and lower airfoil

surfaces, respectively.

The steady circulation, F, is determined from the velocity potential discontinuity

along the airfoil wake dividing streamline.

"Lwake -4P-4 0 A 'JTE()b



-172-

'UNSTEADY FLOW FIELD

The harmonic unsteady flow field is determined by decomposing the gust generated

unsteady flow field into harmonic rotational, 2 R, and potential, 2 p, components.

SG R + + P (6)

The two-dimensional gust is defined by the rotational component. Thus, the

unsteady rotational flow is independent of the unsteady potential flow component. %

However, the unsteady potential component is coupled to the rotational component. As

a result, the unsteady rotational flow field defined by the gust must be determined first.

Unsteady Rotational Flow Field

Rotational flows are described by the Euler equations. In this case, the unsteady

rotational flow field is determined from the following set of linearized unsteady Euler

equations, determined by linearizing the unsteady flow about the steady flow field.

V3R - (7a)
~~Do_1

R + I RV(Vo) -- V PR (7b)Dt pp ,,

where -() = - -() +-1 0 V() and PR is the unsteady pressure associated with the

~~rotational gust flow field. ,,

The gust is assumed to be convected with the steady mean flow past the airfoil and,

therefore, does not interact with the airfoil. The following solution for the rotational '

gust is thus determined by solving the linearized Euler equations in the far upstream

where the steady flow field is uniform. N

R -u+  + V+ 1()":'

where u+ - -A k2 exp [ikl(t-x)-iky] and v+ - A k, exp [ikj(t-x)-ik2 y. -

A T
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It should be noted that in this gust solution, the components u+ and v+ are coupled,
%.10

with the ratio of their amplitudes being u+/v + = -k 2/kl. Also, this solution lk

corresponds exactly to the Sears transverse gust when k2 = 0, i.e., u+ = 0 and

v+ = A k, [exp ikl(t-x)]. However, this gust solution differs from that used in the

Horlock and Naumann and Yeh models in which: (1) the two gust components are

+ -+ + -uncoupled, u = u exp [ik l (t-x)] and v+ =-7' exp [iki(t-x)] where u+ and V+ denote

the individual amplitudes of the two gust components; (2) the gust and resulting

unsteady aerodynamics are independent of the transverse component of the gust
propagation direction vector X - k=i + k .

With the unsteady rotational flow field determined, Equation 8, the resulting

unsteady pressure due to the rotational gust flow field is determined in terms of the

steady flow field from the following form of Equation 7b, the linearized unsteady
.4

momentum equation.

V PR = -P v O .9 R) + ° (vX R) ()

Potential Unsteady Flow Field

The unsteady harmonic gust potential flow component, 4t, is described by a

Laplace equation. The solution is determined by decomposing this potential function

into circulatory and noncirculatory components, 4{(x,y) and 44jc(x,y), each of which is

individually described by a Laplace equation.

S+ (9y (loa)

+ (lob)

V, V-440 V2NC--0 (10c)

where F4 is the unsteady circulation.
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Boundary conditions must be specified in the far field, on the airfoil surfaces, and on V

the wake dividing streamline for the circulatory and noncirculatory components.

In the far field, the potential part of the unsteady flow vanishes.

~farfteld "=0 (11a)

farfleld 2 0 (11b) r

The airfoil surface boundary conditions specify that the normal velocity of the flow

field is equal to that of the airfoil.

airfoil - 0 (12a) p

an

____C I ifolWaNC W(x,Y) = Upwash (12b)

The gust generated unsteady rotational and potential flow fields are coupled through

the boundary conditions on the noncirculatory unsteady potential. In particular, the .*
V,.

airfoil is stationary, with the rotational gust defined in Equation 8 convected with the

mean steady flow field. Thus the upwash on the airfoil, W'(x,y), is determined by

requiring the normal component of the unsteady flow field to be zero on the airfoil.

'NC airoil W(xy) • R

or

, 0f

W(x,y) a(- - k2 + k1 ) exp(-i(k l x + k2y) (13)

where f(x) specifies the airfoil profile. lop

The boundary conditions along the airfoil wake dividing streamline are specified in

Equation 14. The noncirculatory velocity potential is continuous. The circulatory

Z
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component is discontinuous, with this discontinuity specified by requiring the pressure

I to be continuous across the wake and then utilizing the unsteady Bernoulli equation to I
relate the velocity potential and the pressure.

ake exp[-ik1 (x-1)] (14a)

A4NC I wake = 0 (14b)

The Kutta condition is also imposed on the unsteady potential flow field by requiring

no unsteady pressure difference across the airfoil chordline at the trailing edge. The

am corresponding relation for the trailing edge unsteady velocity potential difference is then

determined from the unsteady Bernoulli equation.

AP), hPdlTh -ITE 0 (15a)

tV41V" "+ ikI4'DG]lTE = [V(4o.Vl4" + ik, 14G- ITE (15b)

where P is the unsteady pressure associated with the unsteady potential flow field.

The unsteady dependent variable of primary interest is the unsteady pressure P ,

from which the unsteady aerodynamic lift on the airfoil is calculated. It is determined

from the solution for the steady and unsteady velocity potentials, the unsteady

Bernoulli equation, and the unsteady rotational gust pressure PR, specified in Equation

9.

=°J - ikjt + PR (18)

COMPUTATIONAL DOMAIN

Computational Grid 4,€

The boundary fitted computational grid developed by Thompson, Thames, and

Mastin, reference 13, is utilized for the numerical solution because of its general

availability. This method permits grid points to be specified along the entire boundary

LFMI
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of the computational plane. As depicted in Figure 2, the boundary in the physical plane

3 is denoted by the curve a-b-c-d-e-f-g-h-i-a and encompasses the airfoil, its wake, and

the far field. The application of this grid generation technique results in a smoothly

spaced, nonoverlapping grid at the interior points in the transformed ( ,77) plane. A

typical boundary fitted grid for a Joukowski airfoil is shown in Figure 3.

The complete flow field is described by the steady velocity potential, 4o(x,y), and the

gust generated unsteady velocity potential which has two components, 4)4c(x,y) and

4' (x,y). These three velocity potentials are each individually described by Laplace

equations, as specified in Equations 2 and 10. In the transformed ( ,7}) coordinate

system, these Laplace equations have the following nonhomogeneous form.

a + 2l - a 2  F( ,i) (17)

where is a shorthand method of writing these three velocity potentials in the

transformed plane, i.e., denotes o,) 4c( ,n) or ( ; F( ,n) contains the cross

derivative term a2 /a~a, and the coefficients a, fl, and 'y are functions of the 5

transformed coordinates and r/ and are treated as constants in each individual grid .

element.

Analytical Solution

To obtain the analytical solution to the transformed Laplace equation, it is first

rewritten as a homogeneous equation by defining a new dependent variable ,

(18)

where ~exp + 3 77 - 2(-? + a2l

The general solution for is determined by separation of variables.
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( ,q7) f[A 1 cos(X,) + A2sin(XQ)I x [BI cosh(pi7) + B2 sinh(i?) ]  (19)

|U
where M = +n. at# + X)/a /I and X,A,, A2, B1, and B2 are constants to be

3determined from the boundary conditions.

LOCALLY ANALYTICAL SOLUTION

nAnalytical solutions in individual computational grid elements are determined by

applying proper boundary conditions on each element to evaluate the unknown

fconstants in the general velocity potential solution, Equation 19. The solution of the

global problem is then determined through the application of the global boundary

conditions and the assembly of the locally analytical solutions.

Grid Element Boundary Conditions

A typical computational grid element is schematically depicted in Figure 4. The

local element boundary conditions specify the values of the various velocity potentials

at the eight boundary nodal points. However, to obtain unique analytical solutions to

the. Laplace equation in this element, i.e., determine the values of the integration

constants in the general solution for each element, continuous boundary conditions are

required on all four boundaries. For numerical purposes, these boundary conditions are

expressed in an implicit formulation in terms of the three known nodal values on each

element boundary. In particular, a combination of a linear and exponential function

are utilized on each boundary as they satisfy the Laplace equation.

- all) + ai) + a1) (20a)

()- a) e'" + al)r + a) (20b)

1- 3) ef + aj 3 ) + a13) (20c)

- a4) e?? + 44) 17 + a4) (20d)

%"

. % ,'% " o,' % " .. o. o .,%rival
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Sawhere the constants aji), aji) and al') are determined from the known values at the

three nodal points on each boundary.

Grid Element Analytical Solutions

The general analytical solution to the Laplace equation given in Equation 19 is valid

in individual grid elements as well as over the complete flow region. To determine the

relationship between the velocity potential at the center of the typical grid element,

Figure 4, and its surrounding values, the superposition principle is used to decompose

the solution for 0 into four components, each having only one nonhomogeneous

boundary condition.

77(E) =Y {Ant sinh (pn(q + 1)) sin (X.( + 1)) (21)

+ An, sinh (In(17 - 1)) sin (Xn( + 1))

+ A. sinh( ( + 1)) sin (Xn(n + 1))

+ A., sinh (p. (,-1)) sin (X. (q + 1))"
)}

where Xn _fl r;(P. +a +X)/)1/2 + n;r ,+1/2

~ The application of the local boundary conditions, Equation 20, together with the

orthogonality of the Fourier series leads to the following values for Ani

A°,- ~cn, 0(1,3) + cni 0(1,0) + C3.,i 0(1,) 2)

+ C4., (o,-1) + c5i (-1,-1) + COM 0(-190)

+ C7ni O (-1,1) + Ceni 1'o,1)

where the constants C1ni ....., CSgj are functions of the a!'}, ati) and aj i) boundary ,%

constants.

With the analytical solution in an individual grid element thus specified, Equations

%
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21 and 22, the value of $ at the center of the element can be written as follows.

0(0,0) = {(An, - A.) sinh(,u.) (23)

+ (An - AD) sinh (p,')] sin(X.)

Substituting for the A., terms from Equation 22 leads to the following.

O<o,o) = C" 0(1,1) + C2 0(1,0) + C3  1,-1) + C4  0,-) (24)

+ C; 04-1,-1) + C" g{-1,o) + C" 0(-1,1) + C; 0{o,1)
where the constants Cr, C2 . , Cs are functions of the a'), as'), and ap') boundary

constants as well as the transformed coordinate functions a, 13, and ".

This solution for 0 at the center point is rewritten in terms of the original dependent

variable ,in Equation 25.

(o,o) =1 C ,l;() + C2 (1,O)+C3 W11-1) (25)
~~~+ C4  3(0,-1) +I C$ (S 1-1 + C6 (-,0)

+ c7 (-1,1) + CO (O, 1)

where the constants C,, C2, .... CS are again functions of the ap), as'), and ap') boundary

constants as well as the transformed coordinate function a, R3, and -Y.

Thus, the local analytical algebraic equation relating the value of the velocity

potential at the center of the computational element to its neighboring eight known

nodal values has been completely determined.

Computational Procedure

The above technique is applied to adjacent grid elements, with the boundary nodal

point considered as the interior point. For a general grid element with center at (i, j),
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the resulting algebraic relation between the center value of the velocity potential and

its eight surrounding nodal values is given in Equation 26.

(ij) = Ci+Ij+Ai+1, j+1) + Ci+l,j i-+1,j) (26)
4"~~ Ci+liI (i+l, j-l) +! Cij_ 1  Oj-1)

+ Ci-_ (i-1, j-1) + Ci (i-1,j)

+ Cij+1 (i-1, j+1) + Cij+ 1 A itj--)

where 2 < i < imax -1, 2 < j ! Jmax -1 and cij are functions of the aj i), a4'), and a'i)

boundary constants as well as the transformed coordinate functions a, '6, and -1.

The global boundary conditions are specified in Equation 27.

i,1) I airfoii urface - Upwash I < iK imax (27a)

maijx) I farfield = Free Stream 1 < i < imax (27b)

M imzxj) 'wake = Upper Wake 1 < j < Jmax (27c)

(1j) I wake = Lower Wake 1<j < j... (27d)

These global boundary conditions together with the interior point solution specified

in Equation 26 for (ij), where 2 < i < ima -1 ,and 2 < j Jml- 1, lead to a

system of algebraic equations. For a fixed j value:

-Ci (i-1,j) + (iOj) - Ci+ j  (i+1,j) = (28)

Ci+lj+l(i-I'j-+) + Cil.j+ 1 i-I,j+) + Cij+ 1 (i,j+±)

+ Ci+ljnA1 i+ij-1) + Ci..j1 l.(i-lj-1) + Cij.Ai,j-1)

The right hand side of this equation is comprised of known quantities, i.e., the (j-I)

terms are known from the boundary conditions (j=2) or the last sweep, with the (j+l)

terms determined from the boundary condition (j=jmx, - 1) or the previous iteration.

_''
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Equation 28 can be written as a tridiagonal matrix, with the matrix solved by

3 Thomas algorithm for all j values (2 < J-Jm.x - 1). This procedure is then iterated by

successive over relaxation until the entire solution converges.

MODEL & SOLUTION TECHNIQUE VERIFICATION

To verify this development of the mathematical model as well as the locally

analytical solution technique, predictions from this model are correlated with classical

zero angle of attack gust analyses. As these classical solutions are integral solutions,

the unsteady aerodynamic lift is considered.

The transverse gust solution of Sears [11 is obtained by setting k2 - 0, per Figure 1.

As seen in Figure 5 which presents the real and imaginary parts of the unsteady lift

with the reduced frequency as parameter, excellent correlation is obtained.

The Horlock [21 and Naumann and Yeh [3] analyses consider noninteracting linearly

combined transverse and chordwise gusts convected past flat plate and constant slightly

cambered airfoils, respectively. However, the model developed herein considers two-

dimensional interacting gust components, Equation 8. Thus, for the purpose of this

model and solution technique verification, the interacting gust components specified in

Equation 8 are modified as follows to correspond to the noninteracting chordwise gust.

u~ uj exp I k~-)(29a)

v+ -0 (29b)

where U+ denotes the amplitude of the chordwise gust components.

The excellent correlation of the predictions for the unsteady aerodynamic lift

obtained from the model with appropriately modified boundary conditions and locally

analytical solution developed herein and both the Horlock [21 flat plate and the

Naumann and Yeh [31 constant slightly cambered airfoils solutions is demonstrated in

IFigures 6 and 7, respectively.
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RESULTS

3 This complete first order flow model for the unsteady aerodynamic response of an

arbitrary airfoil due to a two-dimensional gust and locally analytical solution are

utilized to demonstrate the important effect of the coupling between the steady and the

unsteady flow fields. Also, the limited application range of the flat plate Horlock [21

and small cambered airfoil Naumann and Yeh [31 combined transverse and chordwise

gust models is also shown. This is accomplished by: (1) utilizing the model and solution

developed herein to predict the unsteady lift due to the two-dimensional gust on a series

of flat plate and cambered airfoils for both zero and non-zero angles of attack over a

large range of reduced frequency values; (2) correlating these predictions with ones

obtained from the corresponding appropriate Horlock and Naumann and Yeh models.

These results are presented in Figures 8 through 12 in the format of the real versus the

imaginary components of the unsteady lift with the reduced frequency as parameter.

The effects of thickness and finite angle of attack on the unsteady response of a flat

plate airfoil to a 450 gust are shown in Figures 8 and 9, respectively. Airfoil thickness is

seen to be significant with regard to the unsteady lift only at relatively small values of

the reduced frequency, i.e., thickness affects only the quasi-steady and steady

aerodynamics. Also, at zero angle of attack the Horlock, which reduces to the Sears

transverse gust model, yields accurate predictions of the unsteady lift. However,

increasing the angle of attack to a finite nonzero value has an effect on the predicted

unsteady lift, seen by comparing the 0' and 100 angle of attack results. Also, the

correlation of the predictions from the model developed herein with the corresponding

chordwise gust Horlock model is not very good. This is due to the coupling of the

steady and unsteady flow fields at non-zero angle of attack and of the coupled two-

dimensional gust included in the flow model developed herein but not in the Horlock

model.

Mq,
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Figure 10 shows that both airfoil camber and non-zero finite angle of attack have a

significant effect on the unsteady gust response of a zero thickness airfoil over a wide

range of reduced frequency values. Also, the correlations of the predictions from the

model developed herein with the corresponding ones from the chordwise gust Naumann

and Yeh model are poor. Again, this is due to the coupling between the steady and

9unsteady flow fields for cambered airfoils and non-zero finite angle of attack and of the

gust included in the flow model developed herein but neglected in the Naumann and

Yeh model.

The combined effects of airfoil camber and thickness and non-zero finite angle of

attack are demonstrated in Figure 11. As expected based on the previous results, these

combined effects are important, with the small camber predictions of Naumann and Yeh

resulting in relatively large errors in the predicted unsteady lift. These are due to the

coupling between the steady and unsteady flow fields for cambered airfoils and non-zero

3 finite angle of attack and of the gust included in the flow model developed herein.

Figure 12 demonstrates that the two-dimensionality of the gust has a significant

effect on the resulting unsteady lift on the airfoil. In particular, over the range of

reduced frequency values considered, altering the gust direction from 150 to 90° results

in relatively large differences in the unsteady aerodynamic response of the airfoil.

SUMMARY AND CONCLUSIONS

A complete first order model was formulated to analyze the effects of steady loading

on the incompressible unsteady aerodynamics generated by a two-dimensional gust

convetted with the steady mean flow past an arbitrary thick, cambered, airfoil at finite

nonzero angle of attack. A locally analytical solution was then developed in which the

discrete algebraic equations which represent the flow field equations were obtained from

analytical solutions in individual grid elements.t_=ii



The steady flow field was found to be independent of the unsteady flow field.

However, the dependence of the unsteady aerodynamics on the steady effects of airfoil

geometry and finite non-zero angle of attack were manifested in the coupling of the

unsteady and steady flow fields through the unsteady boundary conditions. A body

fitted computational grid was utilized. General analytical solutions to the transformed

flow field equations were then developed by applying these solutions to individual grid

elements, with the complete flow field solution obtained by assembling these locally

analytical solutions.

This model and locally analytical solution were thern applied to a series of airfoil and

flow configurations. The results demonstrated that accurate predictions for the

unsteady aerodynamic gust response are obtained only by including the coupled steady

flow effects on the unsteady aerodynamics. Thus for cambered, or cambered and thick

airfoils at zero or finite angle of attack, or a thin fiat plate airfoil at a non-zero angle of

U attack, the model and solution developed herein accurately predict the gust response.

It was also demonstrated that the classical small perturbation combined transverse and

chordwise gust models yield accurate predictions only for the special case of a thin flat

plate airfoil at zero angle of attack, i.e., only when the chordwise gust is zero.
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VISCOUS AERODYNAMIC ANALYSIS OF AN OSCILLATING FLAT PLATE
AIRFOIL WITH A LOCALLY ANALYTICAL SOLUTION

Linda M. Schroeder+ and Sanford Fleeter*
Thermal Sciences and Propulsion Center

School of Mechanical Engineering
Purdue University

West Lafayette, Indiana 47907

Abstract Introduction

A mathematical model is developed to predict the Considerable progress has been made in the
unsteady aerodynamics of a flat plate airfoil executing prediction of the unsteady aerodynamics of oscillating
harmonic torsional motion in an incompressible airfoils. These analyses are typically limited to inviscid
laminar flow at moderate values of the Reynolds potential flows, with the unsteady flow assumed to be
numbers. The unsteady viscous flow is assumed to be a small perturbation t( a uniform mean flow and the
a small perturbation to the steady viscous flow Kutta condition imposed on the unsteady flow field.
described by the Navier-Stokes equations. Solutions By considering the airfoils to be zero thickness flat
for both the steady and the unsteady viscous flow plates at zero mean incidence, the steady and
fields are obtained by developing a locally analytical unsteady flow fields are uncoupled, with the steady
solution. This model is then utilized to demonstrate flow being uniform and parallel.
the effects of Reynolds number, mean flow incidence Unsteady aerodynamic analyses have been
angle, and reduced frequency on the complex unsteady developed which include the effects of viscosity,
airfoil surface pressure distributions as well as airfoil thereby removing the need for the Kutta condition.
stability. Yates III formulated an incompressible viscous flat

plate airfoil theory with a zero thickness boundary
layer. Also, the low Reynolds number incompressible

Nomenclature Oseen flow model has been used to calculate zero
incidence oscillating flat plate aerodynamics 12,31.

0 Li imaginary component of lift coefficient These analyses utilize classical aerodynamic solution

NLr real component of lift component techniques, resulting in integral equation solutions.CL imag component of o coefficient Although such classical models and solution techniquesC & imaginary component of omentcofien

Ch& real component of moment coefficient are of value, advanced numerical techniques permit
the flow physics modeling to be extended. In this

It reduced frequency regard, unsteady viscous flow models are being
p dimensionless unsteady pressure developed which march in time, with one primary
S dimensionless steady pressure interest being the patterns of the unsteady flow, forR e R eyn olds num ber. ex m l , M h a a d L v n [ j Th m s n e. a. [ ,

u nondimensional unsteady velocity in x direction example, Mehta and Lavan [41, Thompson et. al. 651,
U nondimensional steady velocity in x direction
U0o magnitude of free-stream velocity In this paper, an analysis is developed which
v nondimensional unsteady velocity in y direction models the unsteady aerodynamics of an harmonically
xea elastic axis location oscillating flat plate airfoil, including the effects of
x coordinate in mean flow direction mean flow incidence angle, in an incompressible
y coordinate in normal flow direction laminar flow at moderate values of the Reynolds
AX step size in x direction number. The unsteady viscous flow is assumed to be a
Ay step size in y direction small perturbation to the steady viscous flow field.
al amplitude of airfoil oscillation Hence, the Kutta condition is not appropriate for

nondimensional unsteady stream function either the steady or the unsteady flow fields. The
nondimensional steady stream function steady flow field is described by the Navier-Stokes
nondimensional unsteady vorticity equations. It is thus nonuniform and nonlinear. Also,
nondimensional steady vorticity the steady flow field is independent of the unsteady
frequency of oscillation flow field. The small perturbation unsteady viscous

flow is described by a system of linear partial
differential equations that are coupled to the steady
flow field, thereby modeling the strong dependence of
the unsteady aerodynamics on the steady flow.

+ AFRAPT Trais.., currently Asoclate Aerodynamics Engineer,
Sndetraed Turbomach, Member AAA
Professor and Director, Thermal Sciences and Propulsion Center,Asocins. Fellow ALAA
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Solutions for both the steady and the unsteady viscous equation is nonlinear, with the stream function
flow fields are obtained by developing a locally described by a linear Poison equation which ts

analytical method in which the discrete algebraic coupled to the vorticity equation through the vorticity

equations which represent the flow field equations are source term. The pressure is also described by a linear

obtained from analytical solutions in individual local Poisson equation, with the source terms dependent on

grid elements. the steady ow field.

7c- Re(Uf,1 + Vf 1) (4a)~~~~~~Mathematical Model s"R(n + V )(4)i

The two-dimensional flow past an isolated airfoil is - (4b)

schematically depicted in Figure 1, which also defines
the cartesian x-y coordinate system. For harmonic P- -2(U 1 V7 -VU.) (4) ,
time dependence at a frequency w, the nondimensional The resulting coupled linear partial differential A

forms of the continuity and Navier-Stokes equations equations describing the unsteady harmonic flow field
are given in Equation 1. are given in Equation S. The unsteady flow is coupled

is "4" - 0 (la) to the steady flow field. In particular, in both the ,
unsteady vorticity transport and pressure equations,

ki, + u-- + iuE- - - 5. + (E. + Urn)/Re (ib) the variable coefficients are dependent on the steady
flow field with the unsteady stream function coupled

krt + VZ + Wy - - Py + ( . + Fyy)/Re (ic) to the solution for the unsteady vorticity.

where Re - U.C/v denotes the Reynolds number, and -. Re(ki C + Uf, + ' , + uC. + vC.)

k - w C/U. is the reduced frequency. Vk - (5b)

There are three dependent variables, the two
velocity components and the pressure. To reduce the Vp = -2(uxVr+vyUx) - (v1Uy+uyV1 ) (5c)

number of dependent variables, a vorticity, ?, stream
function, iA formulation is utilized. Steady Flow Boundary Conditions

V'i-? +?, - Re(k~t + i "?s + Vr) (2a) The steady flow boundary conditions specify no slip

- - (2b) between the fluid and the surface and that the
velocity normal to the surface is zero. In terms of the

where -V, - u and 5 V -- stream function and vorticity, these boundary
conditions are specified in Equation 6.

Unsteady Small Perturbation Model * - constant on solid surfaces (6a)

For a flat plate airfoil executing small amplitude
harmonic oscillations, the flow field is decomposed into Y - - U1 - on soiid surfaces (Sb)
steady and harmonic unsteady components, with the U
steady component assumed to be a small perturbation Unsteady Flow Boundary Conditions
to the steady component. The unsteady boundary conditions require that the

dx,y,t) - (x,y) + e•, (x,y) (3a) velocity of the fluid is equal to that of the surfaces.
For a flat plate airfoil executing small amplitude

V(x,y,t) - '(x,y) + eit  i(x,y) (3b) harmonic torsion mode oscillations about an elastic
axis located at x, measured from the leading edge,

U(xty,t) - U(x,y) + eit u(x,y) (3c) the linearized normal velocity boundary condition is
applied on the mean position of the oscillating airfoil,

i(z,y,t) - V(x,y) + oil v(x,y) (3d) and is given in Equation 7.

(x,y,t) - P(x,y) + eit p(x,y) (3e) v(x,O) - Lik(x - x.,)]e't (7)
where ol is the amplitude of oscillation.

where The fluid is viscous. Thus the unsteady chordwise
< <, C' «', u « U, v« V, p «< P velocity component must satisfy the no-slip boundary

The equations describing the steady and unsteady condition.

viscous flow fields are determined by substituting u(x,O) - 0
Equation 3 into Equation 2, and grouping together the (-
time independent and the time dependent terms. For The corresponding unsteady stream function and %1
the unsteady flow, the second order terms are vorticity boundary conditions are specified from their

neglected as small compared to the first order terms. definitions and the above unsteady boundary 5'

Also, as the linearized unsteady flow is assumed to be conditions.

harmonic, the exp(lit) is dropped, for convenience. x e
k& (x,O) - - ik &(I! - x..) xe" (a

The resulting coupled nonlinear partial differential 2
equations describing the steady flow field, Equation 4,- - -
are Independent of the unsteady flow. The vorticity (i,0)- (aik- u7(x,0)Iet (gb)

._

- -- I -411-
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Locally Analytical Solutions where a, b,', c,', d,' are constants determined from

The locally analytical solutions for the unsteady the three nodal points on each boundary side and the
and steady viscous flow fields are now developed. In x and y distances are all measured from the center of
this method, the discrete algebraic equations which the element (x,,y,).
represent the aerodynamic equations are obtained The analytical solution to Equation 11 subject to
from analytical solutions in individual local grid the boundary conditions specified in Equation 12 is
elements* This is accomplished by dividing the fDow determined by separation of variables.
field into computtional grid elements. In each

individual element the nonlinear convective terms of dx,y) - et1 n + B7Ia [B~sinh(Eix) (13)
the Navier-Stokes equations which describe the steady E0
flow are locally linearized. The nonlinear character of aI

the steady flow field is preserved as the flow is only + B
locally linearized, that is, independently linearized in a
individual grid elements. Analytical solutions to the
linear equations describing both the steady and the + 1BI.sinh(E1.y) + Bt 5 cosh(Esy)Isin(Xt(x + Ax))
unsteady flow fields in each element are then
determined. The solution for the complete flow field is
obtained through the application of the global Steady Stream Function
boundary conditions and the assembly of the locally
analytic solutions in the individual grid elements. The locally analytical solution for the stream

function is obtained by a procedure analogous to that
Steady Vorticity used for the vorticity. First, the flow region is

subdivided into computational grid elements.
The steady vorticity transport is described by The stream function is described by a linear

Equation 4a which is nonlinear because of the Thessrea tion is cred to t linearconvective terms U~1 + Vi,. These terms are locally Poisson equation which is coupled to the vorticity,
linerieb asem~ g U + That th e rms vee locityy c o t Equation 4b. This stream function Poisson equationlinearized by asuming that the velocity components U also is elliptic. Therefore, to obtain a uniqueand V, which are the coefficients of the vorticity, are analytical solution for the typical grid element,
constant in each individual grid element, that is, continuous conditions must be specified on all four
locally linearized. boundaries. As for the vorticity transport equation,

U.1 2A V =B (10 continuous boundary conditions are represented in an
Re Re implicit formulation in terms of the nodal values of

where A and B are constants in an individual grid the stream function by second-order polynomials in x
element, taking on different values in each grid or y as measured from the element center (x.,yo).
element. The resulting locally linearized vorticity *(x,yo+Ay) - a*1 + af x + a x (14)
equation is given in Equation 11.

2AC,~~~(1 + By-C "*xo+Ax,y) bf+ b*y + b*y 2

This locally linearized equation can be solved 4'(x,yo-ay) - C€ + c X + cf X3
analytically to determine the vorticity, C, in a grid
element, thereby providing the functional relationships *(xo-ax,y) - dt + dt y + d' y'
between the vorticity, C, In an individual grid element
and the boundary values specified on that grid where &,#, bi*, cl',dl* are constants determined from
element. This vorticity transport equation is elliptic, the three nodal points on each boundary side.
Therefore, to obtain a unique solution for the typical The stream function equation is linear and
uniform grid element with center (x0,y.), Figure 2, possesses a nonhomogeneous term, - Cx,y), which
boundary conditions must be specified on all tour couples the stream function to the vorticity. To solve
boundaries. These boundary conditions are expressed Equation 4b subject to the boundary conditions
in an implicit formulation in terms of the nodal values specified in Equation 14, it is divided into two
of the vorticity along the boundaries of the element. component problems. One problem has a
A second-order polynomial is used to approximate the homogeneous equation with nonhomogeneous boundary
vorticity on each of the boundaries, conditions, whereas the second problem has a

)- + aI x + (12) nonhomogeneous equation with homogeneous boundaryxy+ay) &I 4 +12 conditions.

Ox+6zy - b iy iy % p + 4s (IS)

x Axy)bfbf'by 2 '& . 0"' (15)Problem 1

x - c,( + 4l x + cl x-
%Y'(x,yo+Ay) - a* + a* x + atx'

xo-Xx,y ) - die -+ di y -+- di ys l*(xo+Ax,y) - bi + b* y + b4 y'

ps%
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V1(X,yo-AIy) - c+ C, . + c" X2 where A! and B' are Constant in each individual grid
2 3 element, taking on different values in different grid

4'(X-A:,xyo) - df + d5" y + do y elements.

Problem 2: Thus, the following linear constant coefficient3l~ partial differential equation defines the unsteady
VS~ - ~(xy)(17) perturbation vorticity in an individual computational

- grid element.
k-i-Re + 2A E, + 2B y + (2A'r, + 2B%~) (20)

*b(Xy.j.AY) EE Todtemn the analytical solution in the typical
gridelemntEquation 20 is rewritten as follows.

4, ndpbar - 2A + 2 ) + .+ y-S~xy)(21)
The solutions for '4 n 1 baethen determined where

by separation of variables. Steady Velocity and

PressureS(x,y) -(2A1 c, + 2131 cy + k-Re-i~
*(X,y) -

+~ ~ a B~ohXx Is~yA) by the following change in the dependent variable.

" {B:sInh(Xi'y.) +B~coeh(4y))sin(Xt.(x+ax)) IistetrnfmdtoAnhmenosqatn

IDul4(a, + (x,y) - O(x,y) + 2( 2

+IG4#sinh(>,y + Gt.coeh(Xj*y) + C * + G~, A

The resulting homogeneous equation is given in

+GL91sInX(x + x)(18) Equation 22.
1 V* - 2 ?, + 2 ?y(22)

The stream function Is continuously differentiable This equation is of the same form as that for the
across the grid element. Hence the U and V velocity steady linearized vorticity, Equation 11. Thus, the
components can be obtained analytically by

differentlating the stream function solution. The solution for 7 is obtained in a manner exactly
solutions for *I, C, U and V are then used to determine analogous to that for the steady vorticity, C, and isI the pressure In the flow field and on the boundaries, given in Equation 23.
Thus, the locally analytical solutions for the velocity dx,,Y.) - l 1(x0+ax'y.+Ay)~x.+-Ax'y.+Ay) (23)

cmponents and the pressure are performed as poetifprocees. + zl(x,.+Azx'y.Wx.+A1x'y.)

Unsteady Flow Field+ (x+xy-)x.+xy-)

Unsteady Vorticity + l 4(xOy-A1y)?jx0,y -Ay)
The unsteady vorticity is described by a linear

partial differential equation with nonconstant + z(,A~ 0 A)x-xy-y
coefficients, Equation Sa. [n particular, the unsteady
perturbation velocity coefficient. u and v vary across + 16(x.-Ax,y.Wx 0 -x.
the typical computational grid element. However, the
steady velocity coefficients U and V are known from + S7(x-A1Xy 0 +AIy),dx.--xy.+Ay)
the previously determined steady state solution and

are constant in the typical grid element, as specified in + ls(x.,y.+A1y) (0,y)
Equation 10. where the coefficients s, are dependent on the steady

To determine the locally analytical solution to the state velocity components, U and V.
unsteady perturbation vorticity equation, it is
approximated as a constant coefficient partial Unsteady Stream Function
differential equation in individual grid elements. This Teused temfnto sdsrbdb
is accomplished by assuming that the perturbation Equation 5b. This equation is identical to that for the
velocities u and v are constant In each element, steady stream function, Equation 4b. Hence, the

2A' 21Y solution procedure is identical to that for the steady
Ret Re (1) tream function. As the coefficients for the stream

function are only a function of their position in the
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grid element, that is, A and Ay, the unsteady the vorticity tolerance being 5 The tolerances
coefficients remain the same as those found previously for the pressure iterations are 10- 6 and 10- 6 for the
for the steady stream function *(x.,y.). Thus, the internal and external iterations, respectively. The

solution for the unsteady stream function is computational time averaged 440 CPU on the Cyber
determined from the steady stream function solution, 20S, with an average of 160 iterations for the solutions
Equation 18, by replacing *I by k and the steady of the stream function and vorticity and an additional
vorticity C by the unsteady vorticity . The algebraic 160 iterations for the pressure solution.
equation for the value of the unsteady stream function The chordwise distributions of the complex
at the center of the typical element in terms of the unsteady pressure on the individual surfaces of an
values of the unsteady stream function and vorticity oscillating airfoil at zero, four, and eight degrees of
at its eight neighboring values is given in Equation 24. incidence and Reynolds numbers of 500 and 1,000 are

(xy) - pl(zAx+Ax,y.+Ay) + p11L(x 0 +Ax,y) (24) presented in Figures 3 through 7. The corresponding
classical inviscid Theodorsen predictions 171 are also

+ p3M(x+ xyo-Ay) + p4*/.xPy.-ay) shown.

Viscosity has a large effect on the complex
+ pYS(z-Az,yo-Ay) + Pe40x-Ax,yo) unsteady surface pressures, particularly the real part,

over the front part of the airfoil. One difference
+ pl (x-Ax',y+Ay) + ptN(xoy.+Ay) between the two solutions is that the viscous solution

is finite at the leading edge whereas the inviscid
+ qtC (xo+Ax,yo+Ay) + 4oq(x.+Ax',y.) solution is singular. Also, the real part of the inviscid

unsteady pressure is greatly increased in magnitude as
+ qtf(x++,xy-Ay) + qt(xo,y-Ay) compared to the viscous predictions over the front half

of the airfoil, with the imaginary part of the viscous
+ qt (xo-Ax,y-Ay) + qt(x,-Ax,yo) and inviscid solutions of approximately the same

magnitude aft of the airfoil inviscid leading edge

+ q.'t(xo-Ax,yo+Ay) + qtt(xo,y0 +Ay) singularity. This is due to the differences in the
viscous and inviscid normal velocity boundary

+ qgC(xy.Y) conditions. Namely, the real part of this boundary
condition is dependent on the steady flow axial

Unsteady Velocity and Pressure velocity component, U, evaluated on the airfoil
e usurface. In the inviscid model, this velocity is the

The unsteady velocity components u and v are nonzero axial freestream velocity. However, in thedetermined by di erentiating the unsteady stream viscous flow model, this velocity is zero because of the
function, with the locally analytical solution for the no-slip airfoil surface boundary condition.

unsteady pressure determined by a post process. nld
Increasing the Reynolds number from 500 to 1,000

Results results in a small increase in the absolute magnitude

The small perturbation unsteady viscous flow of the complex unsteady pressures on the airfoil

model and locally analytical solution are utilized to surfaces. It also increases the leading and trailing

investigate the effects of Reynolds number, mean flow edge unsteady surface pressure differences, with a

incidence angle, and reduced frequency on the somewhat larger effect on the imaginary component.
unsteady aerodynamics of a harmonically oscillating For nonzero incidence angle values, neither the real
airfoil. These results are presented in the form of the nor the imaginary components of the chordwise
unsteady pressure distributions on the surfaces of the unsteady pressure distributions are symmetric, with
oscillating airfoil and the complex unsteady this nonsymmetry increasing with increasing incidence
aerodynamic lift and moment coefficients, defined in angle, as expected. Also, as the incidence angle is
Equation 25. increased, the trailing edge unsteady surface pressure C

C-i difference is increased, particularly the imaginary part.

L cow p- )d The torsion mode flutter stability of an airfoil is
CL. L . - determined by the imaginary part of the unsteady

-PcUsks~r LpcU k'7r aerodynamic moment if there is no mechanical
(25) damping. Thus, the effects of incidence angle,

C-i Reynolds number, and reduced frequency on the
f(Piowu - plpp)(x - x,,)dx imaginary part of the moment coefficients are

M 0-o considered in Figures a through 11 together withCM 1 Theodorsen's inviscid zero incidence results. In
1 -pcUkir -pcSUksir particular, these figures resent the imaginary part of
2 the unsteady aerodynamic moment coefficient as a

Predictions are obtained on a 50 x 35 rectangular function of the elastic axis location, with the reduced
grid with Ax - 0.025 and Ay - 0.025. Twenty-one frequency as parameter at Reynolds numbers of 500
points are located on the flat plate airfoil. The and 1,000 for Incidence angles of 0 and 4 degrees.
convergence criteria for the internal and external Also, the effects of Reynolds number and incidence
iterations for the stream function are both 10 4 , with angle on the complex unsteady aerodynamic lift and
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moment on an airfoil with a quarter-chord elastic axis imaginary part of the viscous and inviscid solutions of
location are given in Table 1. approximately the same magnitude aft of the airfoil

In an inviscid flow field, the minimum relative leading edge inviscid signularity. in terms of airfoil

stability is found when the elastic axis is located in stability, viscous effects were shown to generally

the midchord region of the airfoil. As the reduced decrease the relative stability of the airfoil, with the

frequency is increased from 1.0 to 2.4, the relative largest decrease associated with the lower reduced
stability of the airfoil is decreased, with the lcation of frequency value. Increasing the Reynolds number

the elastic axis for minimum relative stability movingthe relative stability of the airfoil

aft with increasing values of the reduced frequency. stability whereas increasing the incidence angle
resulted in increased airfoil stability.

VIscous effects are sen to generally decrease the
relative stability of the airfoil at all elastic axis
locations at both zero and four degrees of incidence.
The largest relative decrease in airfoil stability is
associated with the lower reduced frequency value.
Also, increasing the Reynolds number from 500 to Acknowledgements
1,000 results in a decrease in the relative airfoil
stability. In fact, at sero Incidence, the airfoil
becomes unstable for all reduced frequency values with This research was sponsored, in part, by the Air
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Viscosity was shown to have a large effect on the
complex unsteady surface pressures, particularly the
real part, over the front part of the airfoil. Also, the
real part of the nviscid unsteady pressure is greatly
increased In magnitude as compared to the viscous
predictions over the front half of the airfoil, with the
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Prediction of Aerodynamically
Hoyniak Induced Vibrations in

Reet Turbomachinery Blading
S. Fleeter To predict the aerodynamically forced response of an airfoil, an energy balance

Professor of Mechanical Engineering between the unsteady aerodynamic work and the energy dissipated through the
airfoil structural and aerodynamic damping is performed. Theoretical zero in-

Thermal Sciences and cidence unsteady aerodynamic coefficients are then utilized in conjunction with this
Propulsion Center. energy balance technique to predict the effects of reduced frequency, inlet Afach

School of Mechanical Engineering. number, cascade geometry and interblade phase angle on the torsion mode
Purdue University. aerodynamically forced response of the cascade. In addition, experimental unsteady

West Lafayette. Ind 47907
aerodynamic gust data for flat plate and cambered cascaded airfoils are used
together with these theoretical cascade unsteady self-induced aerodynamic coef-
ficients to indicate the effects of incidence angle and airfoil camber on the forced
response of the airfoil cascade.

I
Introduction

The structural dynamic response of turbomachinery response analyses are both items of fundamental research
components to aerodynamic excitations is an item of con- interest. Linearized unsteady compressible and in-
tinuing concern to designers and manufacturers of gas turbine compressible small perturbation analyses for isolated and
engines. The accurate first principles prediction of the cascaded airfoils are appearing in the open literature with
aerodynamically forced response of a turbine engine blade or regularity. Of direct application to turbomachinery design are
vane involves the following items. the unsteady aerodynamic analyses for cascaded airfoils. In

Spatially periodic variations in pressure, velocity, and flow particular, Whitehead 11 analyzed both the transverse gust
direction of the exit flow field of an upstream airfoil element response and the torsion and translation mode self-induced
appear as temporally varying in a coordinate system fixed to aerodynamic response of a cascade of flat plate airfoils in an
the downstream row. As a result, individual airfoils are incompressible flow. This analysis was extended to include the
subject to a time-variant periodic aerodynamic forcing effects of compressibility by Fleeter 121 and Smith 131. The
function. When the forcing function frequency is equal to an effect of airfoil profile on the self-induced aerodynamic
airfoil natural frequency, vibrations of the airfoil result. At response of a cascade in an incompressible uniform flow field
times these vibrations have relatively large amplitudes which has been analytically predicted by Atassi and Akai 141.
induce high vibratory stress levels. Unfortunately, at present There are many mathematical and physical assumptions,
these resonant stress levels are unknown until the first testing inherent in these models. Ilence, a limited number of ap-
of the blade or -ane row. If stresses in excess of a predcter- propriate fundamental experiments were undertaken to assess
mined allowable level result, then airfoil life considerations the range of validity of the analyses. Included among these are
require that tlhese stresses be reduced. the experiments of Ostdiek 151, lenderson and Frank 161. and

The prediction of the aerodynamically forced response Fleeter, Bennett and Jay 17, 8, 91. A complete review of
vibratory behavior of a blade or vane row requires a research related in unsteady flows in turbomachinery, in- I
definition of the unsteady forcing function in terms of its cluding both experimental and analytical gust response and ,
harmonics. The time-variant aerodynamic response of tie air- self-induced aerodynamic response effects, is presented by
foil to each harmonic component of this forcing function is Platzer in reference i0.
then assumed to be comprised of two distinct but related Generally, the aerodynamically forced response of an
u aerodynamic parts. One is due to the harmonic airfoil is predicted utilizing a classical Newton's second law
forcing function being swept past the non-responding fixed forced response approach. The unsteady aerodynamic
airfoih - termed the gust response. The second is created by analyses are used to describe the forcing function in con-
the resulting harmonic response of the airfoil - termed the junction with a lumped parameter description of the airfoil
self-induced aerodynamic response and, under certain con- structural dynamic pioperties IllT. This paper presents an
ditions, also referred to as the aerodynamic damping. alternative calculation procedure utilizing an energy balance

Unsteady aerodynamic gust and self-induced aerodynamic technique. In particular, an energy balance similar to that

Contrib sied by the Fluids Engineering Di,inon for puhlication in the performed by Carta 1121 is conducted between the unsteady
Jnq11.Ai n Frtuti ENm;uNr rRIo. Manuscript received by fhe rfiuid aerodynamic work and the energy dissipated by the airfoil
Engineering tiuviion. October 14. 1902. structural and aerodynamic damping. This technique is then

joumal of Fluids Engineering DECEMBER 1983, Vol. 1051375
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bC -Zb respectively; wi is the airfoil natural frequency, and ~,is the
gust forcing function frequency.

AThe total unsteady lift and moment on the airfoil are ob-
tained by super-imposing the gust response and the self-

GUST AMP: induced unsteady aerodynamic forces and moments.

GUST FREO: @ I A U-,

Fig. 1 Airfoil and displ-ce-nt geometry and notstlon +A,, h+A,a] e

applied to an airfoil cascade utilizing theoretical unsteady M(I) =M(;(1) +Ms( 1 ) = Tbc' IB(( -)
aerodynamic coefficients which enable the effects of reduced
frequency, inlet Mach number, cascade geometry, and in-
terblade phase angle on the aerodynamically forced response +0B h+B, 6 e' (3)
of the airfoil to be investigated. In addition, experimental
unsteady aerodynamic gust data for a flat plate and a cam- It should be noted that the airfoil response occurs at the
bered airfoil cascade are used in conjunction with the frequency of the forcing function, hence the gust frequency,
theoretical zero incidence flat plate cascade unsteady self- ;, has been utilized in the specification of the unsteady
induced aerodynamic coefficients to consider the effects of aerodynamic forces and moments, equation (3).
incidence angle and airfoil camber on the forced response of
the airfoil cascade. Energy Balance

General Unsteady Aerodynamic Coefficients The uncoupled equations of motion for the single-degree-

Figure I presents a schematic representation of a two- of-freedom lumped airfoil model undergoing translation or
dimensional airfoil section displaced in both torsion and torsion mode oscillations as depicted in Fig. I are given in

equation (4).
translation in a uniform flow with a superimposed convected e o
transverse sinusoidal gust. The complex, time-dependent mh+(l +ig)sh=L(s()
unsteady lift and moment per unit span are written in in- I&+(I +ig)sa=M(t) (4)
fluence coefficient form for the gust and the self-induced
aerodynamic response cases in equations I and 2 respectively, where: m denotes the airfoil mass, s is the stiffness coefficient,

g is the structural damping, and I is the mass moment of

W } inertia about the elastic axis. The uncoupled equations of
L(- =LG + iL u 

- w=pb'c 2 A; ( motion, equation (4), represent an airfoil whose elastic axis is
coincident with its center of gravity.

(I) The response of the uncoupled single-degree-of-freedom
[ I (= Wh ] system is determined by considering the balance between the

M(; = M(; +itJ = imc ; c1 LG u )] energy input to the system and the energy dissipated by the
system over one cycle of oscillation of the airfoil. The input
energy to the system is obtained from a calculation of the

L%= Ls, R + iLsI = rpbc.i IAA, h + A,, a] work done by the unsteady gust forces and moments acting on
s (2) the airfoil. The energy dissipated is obtained by calculating

Ms1  M5sl +iM51' =WPbVi2  h+B J ~the work done by the structural damping and by the self-

induced aerodynamic response (aerodynamic damping) forces
where: h = h e';a = &, e"a; WG = a'ce": describes the and moments. For convenience, only the case of torsion mode
gust; (A,,.B,), (A,, B.,),(Ac,, B(;) denote the generalized oscillations will be considered in the following derivations. It
unsteady lift and moment coefficients due to airfoil should be noted, however, that the translation mode results %
translation, airfoil torsion, and the convected sinusoidal gust, can be obtained directly from those for the torsion mode by

"
Nomenclature

S = airfoil spacing
a = dimensionless distance of elastic u = free-stream velocity w = interblade phase angle

axis aft of mid-chord It' = complex transverse gust func- c = airfoil natural frequency
b = 1/2 airfoil chord (C/2) tion 6 = frequency of the transverse gust
g = structural damping coefficient ri' = amplitude of transverse gust Subscripts
h = complex translation motion a = complex torsion motion
k = reduced frequency (k = (h lU) a = amplitude of oscillation in G = gust

m = mass of airfoil torsion SI = self-induced (aerodynamic
s = stiffness coefficient X = phase angle between the gust damping)

A = unsteady lift and the airfoil motion h = translation
B = unsteady moment = = phase angle between the gust a = torsion
C = airfoil chord and the resulting moment Superscripts
I = mass moment of inertia about 4, = phase angle between the un-

the elastic axis steady moment due to the gust R = real part
L = unsteady lift and the airfoil response I = imaginary part

M = unsteady moment p = fluid density = derivative with respect to time

ni' ina n.4.4
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replacing , a,. and At by m, h. and L, respectively, per T,
equation (4) ... . . . .-:

The unsteady work done per cycle of oscillation by the-P
unsteady gust aerodynamic moment is given by the integral of (-1- + s - 7irb'w- B, )- t(gs - jpb':B,' J

the product of the real part of the unsteady moment and the
resulting displacement over one cycle of motion. 113)

Worko =fRe[(A (t) dc] (5) Unsteady Aerodynamic Forceb and Moments

where: MG (t) = LT, A-*, L,,, and At, denote the standard form lot ihe
T, irpb ll W ],2 1)2 1unsteady aerodynamic forces and moments and tecpresent ihe

To=rpb4& (-) (B)+(Bi)] unsteady lift and moment in translaion and torsion,
respectively, calculated about the airfoil 1'4 chord. Thec

and = tan - ' 1BG/BG 1 and defines the phase angle standard form 1/4 chord cocfficients arc tclatcd ito hic

between the gust and the aerodynamic moment due to this general unsteady acrodynamic influence coe.ticic thfrough

gust. the following relalionships.

Carrying out the integration specified in equation (5) results Ah =
in the following expression for the unsteady work due to tile %
gust. A,, L,, -(l/2+a)L,

W orkit = - r Tod sin( - )) (6) A L, ,..4

where X denotes the phase angle between the gust and the B1 Alh -- (1/2 -u)L,0
airfoil motion. It should be noted that the quantity (X - o) is, B,, =M,. -(1/2 + )L, i-A,,) ±(l '2 ±aj:L,,
in fact, the phase angle between the unsteady moment due to

the gust and the airfoil response. It can be determined in terms B6 =At,

of the system structural characteristics by a variety of means. where a is the dimensionless distance of the torsion axis aft of
For convenience herein, it is determined from the equation of the airfoil mid-chord, as depicted in Fig. I.
motion, equation (4), per reference I I 11The unsteady aerodynamic coefficients to be utilized in this

Work = - zTo d sin(X- $) = - di T sin(O) (7) investigation are obtained from: (I) the isolated flat plate

where: airfoil at zero incidence in an incompressible flow field
where: analyses of Theodorsen and Sears [13, 141; (2) tile analysis for

g -,T m -rpb4B.m II a cascade of flat plate airfoils at zero incidence in a coin-
- 1(_/-')5Tpb4(.__ B J pressible flow field, presented in reference [21; (3) the ex-

perimental cascade gust response data described in references
The energy dissipated per cycle of oscillation is obtained by (7, 8, and 91 in conjunction with the cascade self-inducd

integrating the real part of the product of the self-induced response analysis of reference 121.
unsteady aerodynamic response (the aerodynamic damping) The isolated flat plate unsteady aerodynamic analyses, Case
moment and the airfoil displacement over one cycle of 1, will be utilized to verify the energy balance techique P.
oscillation. It should be noted that although this term is derived in the previous section. This %erificaion %ill be ac-
written as a dissipation term, under certain conditions it canl complished through a comparison of the torsional response
represent an energy input term. calculated by this energy balance technique and that

Works, = f Ms, (t)dal (8)calculated by a classical Newton's second law procedure II.
The flat plate cascade compressible flow unsteady

This integration leads to the following expression for the aerodynamic coetficients, Case 2, will be utilized to perfori a

energy dissipated per cycle of oscillation. parametric study on the forced response of a represcntatsc

W = -b B)) flat plate airfoil with structural characteristics based on an
Works, = i(gs- r B), (9) airfoil with a 3.18 cm chord, a thickness-to-chord ratio of 4

The balance of energy requires that the energy input to the percent, and an aspect ratio of 2. Parameters to be varied %&ill

system must be equal to that dissipated by the airfoil, i.e., include the inlet Mach number, the interblade phase angle, the 'p
elastic axis location, and tile cascade geometry.

Work( = Works, (10) The combination of tle cascade analysis and the ex-
perimental gust response data, Case 3, will enable the eftecis

Substitution of equations (7) and (9) into this energy balance of the assumptions inherent in the anal scs on the respoise
equation results in the following expression for the response amplitude to be ascertained as well as tie eflcOts of iiLidcIic ,
amplitude of the oscillation, a. angle and airfoil camber. Expciiincial unslcad,

To sin(O,) aerodynamic gust coefficients for flat plate and caiibcicd

g= - rpb'a 2 B i (1) airfoil cascades will be calculated from tile airfoil suila,:c
unsteady pressure data presened in references (7, 8, arid 91.

The term sin (0) can be determined via application of the These experimental gust coefficients will then he utilized ,i,
Pythagorean Theorem to the definition of , specified in conjunction with theoretical flat plate self -ind-ced response
equation (7) with the following result. coefficients to obtain a serni-empirical prediction of the

forced response of the representative airfoil. These scnn-
sin(e) = Is- rpb'wa2B,.'] empirical results will then be compared with corresponding

lai + s- irpb"ir2 B. ) + (gs- wpb4  3..1)211,Z. forced response predictions utilizing only theoretical unstead.

(12) aerodynamics. b
The substitution of this expression for sin(O) into equation Results

(1) results in the following expression for the torsion mode
amplitude of response of the airfoil to an aerodynamic ex- To verify the energy balance approach for the prCdILtioI ot
citation, aerodynamically induced ,ibrations. the uncoupled torsion

Journal of Fluids Engineering DECEMBER 1983, Vol. 105 377
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references 113 and 141 were utilized in these calculations.
Figure 2 presents the comparison of these calculation

04- -t ILOtechniques in the form of the torsion mode response asa
.7/6 function of the ratio of the forcing function frequency to the

F193 Efec ofdapin onaerdyami focedrepon amlitde airfoil natural frequency. As seen, the two methods yield
Fig 3 ffet o dapin onaerdyami focedresone amlitde identical results. both in terms of the amplitude and the phase

of the response.
mode response of the reprscnfaike airfoil was calculated by Figures 3 through 10 describe a parametric study of the
mean,; of hoth ihe energy balance techniquec of this paper and aerodynamically induced uncouipled torsion mode response of
.1 classical Newton's second la.o approach 1111. The analytical the representative airfoil utilizing the theoretical flat plate a.

zecro incidlence, incompressible flow, isolated airfoil unsteady cascade, compressible flow unsteady aerodynamic transverse
aerodynamic tranlsverse gulst and self-indluced coefficients of gus-t and damping coefficients of reference 121. Parameters

378 /Vol. 105, DECEMBER 1983 Transactions of the ASME a
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amplitude

I damping as well as structural damping has been considered.
,,-, CThus, even when the structural damping is zero, aerodynamicA'0 damping is present in the system.

% The effects of the cascade solidity and stagger angle on the
20 \ amplitude of the torsional response are presented in Figs. 4

-" \ ', and 5, respectively. As seen, the amplitude of the response

, , decreases as both the cascade solidity and stagger angle
,'-/decrease, with the stagger angle having a much more

pronounced effect. V

ON_ _ _1__ Figure 6 demonstrates the effect of the interblade phase
08 09 10 1 angle on the torsional response amplitude. The maximum

Z /we response is seen to occur at an interblade phase angle of 0 deg.
g oA change in the interblade phase angle from 0 deg to 90 deg

Fig. Effect of Inlet Mach number on aerodynamic forced response results in a significant decrease in the maximum response
m pPu amplitude. Further changes of the interblade phase angle

41 , valtie, to 180 and -90 deg, result in a continued decrease in
varied include the structural damping, the cascade solidity the maximum response amplitude, although not nearly of the
and stagger angle, the interblade phase angle, and the inlet magnitude of change observed in going from 0 to 90 deg. It
Mach number. should be noted that in terms of a rotor-stator interaction

Figure 3 demonstrates the effect of structural damping on forced response problem, the interblade phase angle
the torsional amplitude of response. Decreasing the structural represents the ratio of the number of upstream rotor blades to
damping value from 0.01 to 0.005. a factor of 2, results in the number of downstream stator vanes as it describes the
approximately a 25 percent increase in the maximum response disturbance phase difference existing between adjacent
amplitude. It should be noted that the peak response am- downstream airfoils. Hence, Fig. 6 shows that minimum
plitude does not occur when the forcing function frequency is amplitude response is predicted when there are more rotor
equal to the airfoil natural frequency, even for the case of blades than stator vanes, with the gust representing a back-
zero struclural damping. This is because aerodynamic ward traveling wave to the stators.

Jo-iael of Fluidls Engint ri CECEMBE' 1 3. V0t 1051371k, _Z .%., .%:. , .;., . . . .... .. . . -
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Figure 7 shows the effect of inlet Mach number on the 4.8 3Fig. 11 Comparison of predicted aerodynamic forced response

uncoupled torsion mode response. Increasing the Mach amplitude of a flat plate airfoil using semi-experimental and theoretical
number results in an apparent decrease in the amplitude of aerodynamic coefflclents
response and a decrease in the value of the ratio of the gust
forcing frequency to the airfoil natural frequency at which the
maximum response amplitude occurs. It should be noted that response and also the validity and usefulness of the flat plate

the airfoil natural frequency is constant. Hence, at a constant cascade analyses, consider Figs. I I and 12. These figures

value of w/w., varying the inlet Mach number also corresponds present the predicted forced torsion mode amplitude of

to a variation in the reduced frequency of the airfoil (k = response utilizing: (I) experimentally determined flat plate

cb U). To aid in interpreting the response amplitude and cambered airfoil aerodynamic gust coefficients based on

variations with Mach number, consider Fig. 8 which presents the data reported in references 17, 8, and 91 in conjunction

the magnitude of the unsteady aerodynamic gust and damping with the theoretical flat plate aerodynamic damping coef-

as a function of Mach number. As seen, increasing the Mach ficients of reference [21; (2) theoretical flat plate aerodynamic

number results in an increase in the magnitudes of both the gust and self-induced coefficients of reference 12).

aerodynamic gust and the aerodynamic damping, with the For the flat plate cascade, Fig. I I, at zero incidence there is

aerodynamic damping increasing at a much greater rate. excellent agreement between the semiexperimental and the

Hence, for the case considered, increasing the Mach number theoretical results. Decreasing the incidence angle from 0

results in a slightly increased gust forcing function magnitude results in increased response amplitudes as compared to the

but a greatly increased level of aerodynamic damping, thereby zero incidence theoretical results with the difference varying

leading to the results of Fig. 7. in a smooth manner. It should be noted that the reduced

" or Figure 9 indicates the effect that the elastic axis location has frequency and, hence, the unsteady aerodynamics, vary with

on the airfoil torsional response. In particular, this figure incidence angle. Thus, these results cannot be absolutely

shows that as the elastic axis is varied froni a location forward compared to one another as a function of the incidence angle,

of the center of gravity to one aft, the airfoil response in- but rather must be compared individually to the theoretical

creases. For the example case being considered, when the predictions.
elastic axis parameter, a, has a value of +0.24, the airfoil Figure 12 compares the semiexperimental cambered airfoil

motion becomes unstable. This torsional instability is also cascade predictions with the corresponding flat plate

demonstrated in Fig. 10 which presents the imaginary part of theoretical predictions. As seen, the combination of a cam-

the unsteady torsional moment coefficient, B,, as a function bered airfoil at incidence angle results in a nonlinear variation

of forcing frequency with the elastic axis location as of the comparison results for the response amplitude.

parameter. At an elastic axis location specified by a = + 0.24,
B,' becomes positive, thereby indicating a flutter condition. Summary and Conclusions
It should be noted that varying the elastic axis location can
result in a coupling of the bending and torsional modes, The aerodynamically forced response of an airfoil has been
although only the uncoupled torsional mode of vibration has predicted based on an energy balance technique. In particular,
been considered herein, an energy balance has been performed between the unsteady

To indicate the effects of incidence angle on the gust aerodynamic work and the energy dissipated through the

3801 Vol. 105, DECEMBER 1983 Transactions of the ASME
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an airfoil based on experimental flat plate and cambered
:5 airfoil aerodynamic gust data revealed the following.

0 to-
* The theoretical flat plate cascade aerodynamic coef-

*WS, Theory' ficients accurately represent the physics of the problem at
05- 7 erot incidence angle.

WGJ Theor * As the incidence angle is changed from a value of zero.
Ws, Teorythe flat plate semniexperimental results diverge from the

Wetncee 1 9 theoretical results, albeit in a somewhat regular manner.
k-986 Maochi. 01 * The cambered airfoil sem iex peri mental results differ

eQoe- -1800'o significantly from the theoretical flat plate results, evenso- /S .1 52at zero incidence.

40- This variation appears to be non-regular with incidence angle,
thereby clearly demonstrating the need for a cambered airfoil

a cascade unsteady aerodynamic analysis.
20-
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The Coupled Response of Turbomachinery Blading

to Aerodynamic Excitations

Daniel Floyntak" and Sanford Fleeert
Purdute UniversitY, West Lqaovete. Indiana

An enerity halance technique I-s deseloped %hich prrdictsi the coupled hendleng-fo-slon mode aerodynamic
forced responser of an airfoil. the effects oil The %farious aerod~onamicr parameters are then considered utilteingt a
subsonic comperesihie flow/flat plate cascade gut anali s. lTe Increased coupling hietween t he torsion and
translation modes as the natural Frequencies approsch tone another is -.hown. It Is also demonstrated that the
coupled-response amplifiudes increase %ilh: 1) decreased structural damping. 2) increased solidity. staggler angle.
and Mach number,;. 31 linterhlade phase angtles cofrespondlig ft forwbard Irtivelinit %wes, and 4) shiftingt of the
elastic a0is locatlion aft.

Nomenclature U =freestream velocity
a distance of elastic axis aft of mid-chord if' = complex transverse gust function
A = unsteady lift influence coefficient 1ff; = amplitude of transverse gust

I, = airfoil semnichord (C/2) WORK =unsteady work per cycle of oscillation
B = unsteady moment influence coefficient X,, = location of center of gravity relative to elast ic axis
C = airfoil chord n! = complex torsional displacement
C/S = cascade solidity (airfoil chord/airfoil spacing) a,,P = amplitude of torsional motion
C, = px,, +(A.,)" NP = mass parameter
C, = ~,+ (8,,) RP = fluid density
C" = I~-D(i1) + (A* )R I 0 = interblade phase angle
C, = (A I - p (w, l) lg* =airfoil natural frequencya c1  =,rI - ,*/J) + ()9 = frequency of(he transverse gust
C6, =( 4 -j' wS&,'Rhsorripts
C, = (W';/U)(A,;) R G = gust

= ., 1l; / U) (A,;)' h I = translation
Ci0  = - If',;/U) (A,;) I SI -self-induced (aerodynamic damping)

1), = I (C.'C' - C, (-A) - (I C, - (1)'(8,)' 1I Supericrt-ri
h = complex translational displacement I = imaginary part

h = amplitude of translational oscillation R = real part
i = / - ( ) = derivative with respect to time

I", mass moment of inertia per unit span about the ,
elastic axis

k = reduced frequency (k = &ah/ U)
L = unsteady lift Introduction
1111 = massterd monitpnothaifl ERODY NAM ICA LLY -induced vibrations of rotor and

A = nstedy mmentA stator airfoils are one of the more common sources of
N,, =I(C,(', +C,,C-) - l~','4CClIhigh-cycle fatigue failure in gas turbine engines. Destructive

N,,,, = I (C.C5 -C.,C,, - lC'cG - C,,,(,-l, I aerodynamic forced responses of fan, compressor, and
N,,1 I (C,.,,C + C,C 5 ) - IC_ (h,)' + (',C,, IIturbine blading have been generated by a wide variety of

N.R = I (CCq - C,.C,o,) - IC'C' - C., (B,,) I sources including upstream blades and/or vanes, distortion.
Rel I =real part of I I rotating stall, downstream blades and/or vanes, surge. bleeds.

r. = radius of gyration about elastic axis and random or otherwise unidentified sources,
8". = airfoil static moment per ulnit s;pan about the Failure level vibratory res ponses occur when a periodic

elastic axis aerodynan-ic forcing function, with frequency equal to a
natural blade resonant frequency, acts on a blade row. The

preictd wthCampell diagrams, which display the natural
frequency of each blade mode vs rotor s;peed.' Whenever

Prestented as; Paper 93-Ogft at the AfAA,ASNIE/ASCE/AiIS these curves, cross, aerodynamically-induced forced responses
-Structures. Structural Dynamics, and Mtaterials Conference. take are possible. Hlowever, at the present time no accurate

Tahoe. Nev.. May 2-4. 1993; received May 13. 198113 revisioin received prediction for the amplitude of the resulting stress; can be
Oct. 3. 1"83. Copvyright American, Institte or Aeronautics; and made.
Awionautics .. 199). All rights reserv~ed.

*raduate Research Assisant: presently Aerospace Engineer, Th prdcino teardy mcfred esne
NASA Lewis Research C enter. Cltevetand, Ohio. vibratory behavior of a blade or vane row requires a

tProfessor. School of Mechanical Engineering, and Director, definition of the unsteady forcing function in terms of its
Thermal Sciences and proputlsion Center. Member AIAA. harmonics. The lime-variant aerodynamic response of the
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airfoil to each harmonic of Ihis forcing function is then %%hereh =h,,e'-'; na=a,,e''; If'= II'.e' ' describes the gust:
assumed to be comprised of two parts. Onc part is due to the (/AfIh. (,t,,,B,), (,l,B(;) denote the generalized un-disturbance being ssscpt past the non-r. ;ponding fixed air- steady lift and moment coefficients due to airfoil translation,
foils. fite second arises when tile airloils respond to this airfoil torsion, and the convected sinusoidal gust. respec-
disturbance. these effccts are ntJelcd by means of two lively; w is the airfoil natural frequency. and is the gust
distinct analy e. A linearized %malperturhation gust forcing function frequency. I
analysis is used to predict the time-sariant aerodynamic, of The total unsteady lift and' moment on the airfoil are ob-
the fixed non-responding airfoil to each harmonic of the tained by superimposing the gust re ponse and the self-
disturbance. A self-induced unsteady aerodynamic analysis, induced aerodynamic forces and momcits.
wherein the airfoils are assumed to be harmonically
oscillating, is then used to predict the additional aerodynamic L () = 1,, () + L., (I)
effect due to the airfoil response. These self-induced
acrodynanic effects can be thought of as an aerodynamic [ (,1/ +A h( ]
damping which can be either poitie or negative. Review- of = xph'o: A,; - + A h,,
state-of-the-art unsteady aerodynamics as applied to Liur-
bo chins, including gust and self-induced unsteady Af(() = M , (f) + M5,, ()
aerodynamic analyses, are prcsentcd in Refs. 3 and 4.

I he classical approach to the prediction of the aerodynamic
forced response of an airfoil is based on New[oi's second law. = 18h'i - + B rhl, R.,Q,, e'2The gust arid self-induced unsteady aerodynamic analyses are

used to describe Ihe harmonic forces and moments acting on
the airfoil in conjunction with a lmped parameter It should be noted that the esponse occurs at thedescription of the airfoil structural aid inertial properties.' frequency of the forcing function. Illncc, in Eq. (2) the gustAn alternate approach based on an energy balance frequency ,; has been utilized in the pecificalion of the un-
technique has been developed by |loyniak and Fleeter' to steady aerodynamic forces and mome Is.
predict lte uncoupled single-degree-of-freedomi forced
rcspone of an airfoil. In this approach, a balance is
establisied between the energy of untcady aerodynamic work
and the energy dissipated by the airfoil. Energy Ralance ,

Ilie objective of this paper is to extend the energy balance The equations; of motion describing the coupled tran-
tchnique to include the more interesting case of coupled slational and torsional displacement of the flat plate airfoil
hending-torsion mode forced response of an airfoil and, also, depicted in Fig. I are given in Eq. (3).
to dctnonsrale the effects of the various aerodynamic and
structural parameters on this coupled response.

(;eneral tnsleady Aerodynamic Coefficients , h+ /., = + I.(, (I + iI ley = (1) (3)
Figure I presents a schematic representation of a two-

dimenisional airfoil section displaced in both torsion and
translation in a uniform flow with a superimposed consected where in denotes the mass per unit span of the airfoil, S,, is tie
transverse sintsoidal gust. Equation (I) presents the complex, airfoil static moment per unit span about the elastic axis, ,,
time-dependent unsteady lift and moment per unit span, and w, are the translational and torsional mode airfoil
wsritten in influence coefficient form, for the gtist response natural frequencies of the corresponding undamped single-
and the welf-induced unsteady aerodynamic cases. degree-of-freedom system, respectively, and I,, is the mass r

moment of inertia per unit span about the elastic axis. As ,'
,.Ii 4 sen, the airfoil structural dynamic system described in Uq. (3)I.e. = /., +i 1. i h . , i strongly coupled and the coupling is associated with both '

the structural and the aerodynamic characteristics of the
Af,. (' +system. The structural coupling becomes significant lwhene, er

,= ,., + iA , ph"" /, the aerodynamic center does not coincide with the elastic axis,
in sshich case a noni-,ero value for the airfoil stalic nontn

R, 1, e., hresults. Thle aerodyniamic coupling ariqces because [the self-I.. = I. l. - h,.,. h +I.l,,J induced aerodynanic forces acting on the airfoil are a thoc- '
lion of the translational and tor sional motions.

1  
h I In this investigation, the coupled system response is
b determined utilizing an energy balance technique. The energy

input to the systemn per cycle of airfoil oscillation is generated '
by the gust and. under certain conditions, the self-induced

ELASTIC AXIS unsteady aerodynamic forces amd moments.' The energy
dissipation of the system per cycle is associated with I) systemMEAN C-'2b structural damping, 2) under certain conditions the self-

AIRFOIL
POSITION b-..1  induced aerodynamic forces and moments, and 3) the static

U moment term S,. It should be noted that, for the uncoupled
single-degree-of-freedom case, the dissipation term S,, was

onot considered.
ell h The energy balance for the coupled translation-torsion

-• -. - airfoil motion can be expressed as follows.

DISPLACED I (WORK)*, +(WORK)*, + (WORK)4 =(WORK)"

Fig. I Airfoil and dhcememnl Renmelr and notation. (WORK), + (WORK)' +(WORK)T, =(WORK)*' (4)p.

p .. .- *# . - - . '
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WeR );, (OK.;= work done by the self-induced 3

aerodynamic forces and moments F~. ~toAds
in translation and torsion, Fored vBtotn Amhss

respectively,. ~ryineRsp

(WORK)',', (WORK)',, = work done by the airfoil tran- 22
slation and torsion structural !
damping, respectively.

(WORK)',. (WORK)j,, = work associated with the static
moment. S,,, in translation and

(WOR)~;,(WOR)~ =torsion, respectively.

(WOK~h,, WORV;=work done by the gust aero-
dynamic forces and moments in
translation and torsion, respec- 00
tively.05 L

The work values associated with the self-induced unsteady
aerodynamic force, and moments, (WORK)15, and
(WORK)s', , have been written as dissipation terms. However,
under certain conditions they may actually represent energy
input terms. The sign differentiates between energy dissipa- 10
tion and input. Also, matrix techniques are utilized to solve
Eq. (4) in order to determine the response of the airfoil
system.

The uinsteady work done by the self-induced aerodynamic ,
terms, (WORK)'S, and (WORK),*1, over one cycle of vibrationa
can be calculated from Eq. (5). 20

(WORKhS, Rc(q (tdh IFit. 2 Comparison of ctstcol and energty balance forced response
calculations.

(WORK)." ; = ReI M,, (lld 1 (5)

w here Ls, (t) and Us, (0) denote the unsteady lift and Moch-.0.6
moment associated with the self-induced harmonic motion of hw0
the airfoil I See Eq.(1) 1.US-0

Carrying out the integrations specified by Eqs. I and 5 5000 CS- 0.0
results in the following expressions for the unsteady work - .
done by the self-induced aerodynamnic forces and moments. - - - - -9-O00

Z_4000 - _-g.0,01
_WR)' = NbC -(,I)hlh APv - 9q0.05

0

(WORK)qj r2pbl(i2  2000

[(BA)sin k. 4 000

The angle X, denotes the phase angle between the incoming 01-

Similarly, the angle X. is the phase angle between the in-
coming gust and the airfoil torsional motion. 0-

the energy input to the airfoil is deternmined by calculating Z:
the work per cycle of oscillation of the unsteady lift and
moment associated with the incoming gust. P

MeORK)7=(L1 RefMI (HcII o(X,(Tll i(X 7 Fit. 3 Structural damping effect on the Coupled torsional reponse

=wpbw~a,( B )t otO) -(B('sinAfl j 7) mnptteu& for (4/ W.)near~~
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The energy dissipated by file structural damping over one where A
1

cycle of oscillation can be calculated as follovs.

(WORK),'P, RcliR,,I..11,hdhI = r,I,wh"A I,,?2 A,)lrpP4 i~,X

WORK) R R.,w(dv + I(,)vPb,)csXX,

[he unsteady work associated with the static montn 5,,,Coi-(4"i'b,.2 ink X

mecrits sonic additional comment. This is the term which 4(, )1 ir1Pb'(;'cos(X,. - K,couple-, the system equations of motion when the elastic axis
and the aerodynamic center do not coincide. Physically, the -, 1r,1,2 + 4B B'vph' -,

S,, term can be considered as either a torsional force applied -P C
to the airfoil as the result of a unit translation airfoil 41.-,

displacement. or as a translational force resulting from the 8,, = - irb1)2( -ky) I(,'. ,)-((,mi(,
application of a unit torsional displacement. Thus, for an
airfoil undergoing a translation mode oscillation, there is an
apparent torsional load that can either do work on or extract 2, it P !I~B'o~,l-(,)snK,
work from the airfoil system. The phase Telationship between \tU
the Translational and torsional displacement determine-s
whether this apparent torsional load adds or dissipates energy The phase angles between the translational and torsional

INin the airfoil system. displacements, Xh and X,, respectively, can be determined in
The unsteady work per cycle of oscillation associated with various ways. For example, they can be determined directly

the static moment can be deternmined by Eq. (9). from the classical solution of the coupled system equations, of
motion. Eq. (3) (see Ref. 5). For convenience and brevity,

(WORK)h,' = Re IS,,hdhI =S..Co',,h,,rsinXA - A.,) these phase angle relationships are presented in Eq. 0II0.

(WO'RKr%) = 1 'RcIS,,i4., IX 9 X, =tan- NII DR- -tD
The submtitution of the various work espressions into the 1NR DR + N,,,!D,

energy balance [see Eq. (4)1 yields the following matrix ,=tn ,,D - N.RD, 01epcinfor the coupled translational and torsional airfoil D. a'' _____

displacements. -,RR+ND

where NAI. N,,,, N,. N.,,R. DR, and D, are defined in terms, of
,,,, ,,, 8,,the airfoil structural properties and the unsteady aerodynamic 1

b(10) forces and moments in the Nomenclature. '

A., A22 (00, B.,

30-Moch'06 5000- Mc-06
Stagger % 30* Slow 0

2500 Phase0 St-s 030

. 4000- *0

2000 - q 0 0 9t 0C0S.tOe

- g2Ot11 3000 - .----C/S. 150

g. -- g 0 05 C C/S 07 5

tOC L 2000-

0- 1 N

1170 1175 11eo 1185 1190 tt95 1200 90 97 90 90 tOO tt

00

W 1000 -20

0 11 00

- 2000- FREQUENCY RATIO, (/wel -4000J FREUENCY RATIO (Z/.,)I

Ftg. 4 Streclural dumploti effet of the coupled tntrtonit reqpnns.ON
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Fill. 9 Effect of intermade phase 9ntle on the coupled torsion mode Fil. I I Inlet Much number effect on the coupled torsional response.
repon w.

frequencies, respectively, of the representative airfoil. Results
3000 Moh-O. presented include the translational amplitude, the torsion

Swill 30 mode amplitude, and the phase angles between the

2500 C/5.I00 aerodynamic forcing function and the resulting airfoil
9.0 response as a function of the nondimensional frequency ratio.

- 2000 Phs 0O As anticipated, when the gust forcing function frequency is

o ---- mese- response is an order of magnitude greater than the
-500- Ph o-la -90* corresponding coupled translation mode response. Thus, only

the coupled forced torsional response will be presented for the
100 0\. forcing function close to the airfoil natural torsional

frequency (Wi,,,, 1.00). and only the coupled forced trans-
K ,, '-.. ,lational response for forcing function frequencies near the

0500 natural translational frequency (,/i,, -1.12) will be
.J. p~~h.presented.

0 Figures 3 and 4 represent the torsional and translational
1190 190 1 200 1210 1 220 airfoil responses, respectively, with structural damping as the
0- parameter when the forcing frequency is close to w,, and w,.

respectively. As seen, increased structural damping resulting
results in decreased amplitude of response. It should be notedfrqe0 aiaausof10 n .2 vnfo h pca :%

that the maximum response amplitudes do not occur at

2000-, frequency ratio values of 1.00 and 1.12, even for the special
case of zero structural damping. This is a result of the self-

,E induced unsteady aerodynamic forces which correspond in
- - this case to aerodynamic damping. Thus, even when there is

no structural damping in the airfoil system, the self-induced
-4000, FREOUENCY RATIO aerodynamics generate aerodynamic damping.

R E AI aThe effects of cascade solidity (C/S) and stagger angle on

Fig. IO Effect of laterblade phase sanile an the coupled translation the coupled forced response amplitudes are demonstrated in
me response. Fig. 5 and 6 and Figs. 7 and 8, respectively. Both the coupled

torsional and translational forced response amplitudes in-
crease with increasing values for solidity and stagger angle.

The coupled forced response characteristics of the Variations in solidity result in a somewhat more pronounced
representative airfoil are determined utilizing this energy effect on the translational response than on the torsional
balance technique. Results are presented as a function of the response. Stagger angle variation has a greater effect on the
nondimensional ratio of the gust forcing frequency to the torsional response than on the translational one. Also.
airfoil natural torsion mode frequency, ;sw, Hence, values variations in stagger angle have a much greater effect on the
of 1.00 and 1.12 for this nondimensional frequency ratio response amplitudes, both torsional and translational, than
correspond to the situations where the forcing function do variations in solidity. It should be noted that the design
frequency is equal to the natural torsion and translation mode trend for modern compressors includes increased solidity and
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stagger angle values. Hence. these results indicate that in-
creased forced response problem, primarily associated with MOO- U
increased stagger angles, might he anticipated. 4000- Stoqge, 30*

Figures 9 and 10 show the effect of interhlade phase angle PhO-. 0"

on the coupled airfoil forced response characteristics. The C/S.OO 
effect of variations in this parameter on the coupled torsional 3000- g.O
forced response are quite different than on the coupled - =05
translational response. For the torsion mode. there is only an a -05
extreme maximum response amplilude for a 0 deg interbladc Q . . -05 Fphase angle value. F7or all other value, considered, the 2000.
response amplitude curves are relatively flat and decreased ,

from the 0 deg case by approximately 75 to 5",o. The coupled I
translational response amplitudes all exhibit an extreme IOOO-
maximum response amplitude, i.e. none of the amplitude,000
response curses are relatively flat. Also, although an in- I

.. tcrblade phase angle value of 0 deg results in the maximum I
forced translational response amplitude, varying the in- 0- -a- -

terblade phase angle away from 0 deg results in noticably SIOC 8200 8300 8400 8500
smaller decreases in this maximum amplitude than were noted 0.
for the forced torsional response. In particular, for both the
torsional and the translational casees, the largest decrease in - --

the maximum response amplitude is associated with changing
the interblade phase angle value from 0 to - 90 deg. Howe%cr, atJ
the maximum forced translational response decreased only E --1000- I
450'a, whereas the corresponding forced torsional response 
decreased by 85"'o. In addition, since the smallest coupled 4
torsional and translational respon;e amplitudes correspond to
negative interblade phase angle values 1 90 deg in par-
ticular), then this would appear to be a desirable forced -2000 "ER;
response design condition. In terms of the rotor-stator in- FREOUENCY RATIO t;'.l,
teraction forced response problem, a negative interblade f g. 14 lftel of elmsik sits locallon on the coupled translational
phase angle value corresponds to a backward traveling wave reponse for tu/u, Inear.,,.
as viewed from the stator vane frame of reference and arises
when the number of rotor blades is greater than the number of
stator vane. gust distutbance, increases both the coupled torsional and

The effect of the inlet flow Mach number on the coupled translational responses with a very dramatic increase asso-
torsional and translational forced response characteristics of ciated with an increase in Mach number from 0.6 to 0.8. Also.
the representative airfoil is demonstrated in Figs. It and 12, for Mach numbers of 0.6 and smaller, the increase in the

respectively. Increasing the Mach number, which also maximum response amplitude is much larger for the torsional
corresponds to decreasing the reduced frequency for a specific mode than for the translational mode. In addition, the forcing

w :

~ U U WU U U ft. U
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FREQUENCY RATIO 1 Ilt. 16 Iffect of elastic axi s location on the coupled translational

Fiji. IS :ffect of elastic axis location on the coupled torsional response for (wi,) near wh.

response for (W/,, near p,.

4000- Moch- 0 6

function frequency at which the maximum amplitude Slogger- .0

response occurs is highly dependent on the Mach number for C/S-00

the torsional response, but is almost independent of this ,- 3000..0
forcing frequency for the translational response case. 3-000 P se. 180,

The effect of moving the elastic axis location to the - ----- Phase-90"

chord and the '-chord locations on the coupled forced - 90

response of the representative airfoil is presented in Figs. 13 i 2000-

through 16. These results indicate that not only the response ..

amplitude but also the forcing function frequency at which
the maximum amplitude response occurs is strongly 0 -- well

dependent on the position of the elastic axis. The maximum 00

torsion and translation response amplitudes are found with "

the elastic axis at the '-chord location. Shifting the elastic
axis forward to the '-chord location results in significantly 0 I I I
decreasing both the torsional and translational response 980 990 1000 1010 1020 1030 1040

amplitudes near the airfoil torsional natural frequency, but 0

only slightly decreasing these response amplitudes near the
airfoil translational natural frequency. Also, shifting the
elastic axis location aft from mid-chord to '/-chord has the W-IOOO

.f. result of making the translational response in the neigh-
borhood of the natural torsional frequency ,1.0) the
same order of magnitude as the torsional response amplitude. -2000
indicating the significant additional coupling that arises when
the elastic axis and the airfoil center of gravity do not coin-
cide. Similar results are noted when the forcing function -3000C
frequency is close to the natural translational frequency.

To demonstrate the interaction of two very closely-spaced Fig. 17 Interblade phase angle effect on the coupled torsional

torsional and translation modes, the bending stiffness of the response for nearly equal natural frequencies.

representative airfoil was altered to make the ratio of tran-
slation to torsion natural frequencies 1.02. The variation with
interblade phase angle values of these closely coupled forced Figure 18 presents the variation of the forced translational

torsional and translational responses was then investigated, response with the interblade phase angle as the parameter. In
The results are presented in Figs. 17 and 18. The coupled contrast to the torsional response results, minimal trans-
torsional response results (Fig. 17) show that, at a frequency lational response is noted when the forcing function

ratio of 0.990, the response decreases as the interblade phase frequency is near the airfoil natural torsional frequency.
angle is varied from 0 to +90, -90, and 180 deg. At a However, when the forcing function frequency is near the
frequency ratio of 1.015 the response increases by up to 651. airfoil natural translational frequency (o/ ,,, a 1.015), the
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.k

8000- Moch-0.6 The effects of the various aerodynamic parameters on the
Stogger - 30- coupled translational and torsional mode forced response of a
C /S - 1.00 representative airfoil were then considered. The study showed W
g.0O the increased coupling between the torsion and translatione

W00-]
6000-- Phosev t80* modes as the corresponding undamped natural frequencies

-- Phase- 90* approach one another. It was also demonstrated that the/PtroSe- 900 coupled torsional and translational forced response am-
Phose.0* plit udes of a representativ e airfoil increased with: I)cdecreasedl

-4000- structural damping. 2) increased solidity values. 3) increased
.0 / stagger angles, 4) increased inlet flow Mach numbers, 5)/ ruterblade phase angle values corresponding to forward/', \\traveling waves for the rotor-stator interaction case, and 6)

2000 'shifting of the elastic axis location aft.
It should be noted that variations in the above parameters

- - -.. ,%..did not affect the magnitude of the resulting forced response
-- -Z ~ cqually nor did they always have equivalent effects on the

0 OI I I torsional and translational response modes. For example.
980 990 t000 t0t0 1020 1030 1040 increasing the stagger angle and shifting the elastic axis aft

0 1--% resulted in significantly larger increases in all of thc response
amplitudes than did increasing the solidity. Also, the in-
tcrhlade phrase angle, for example, had a much greater effect

W on the coupled torsion mode responses than on the trans-
a lational ones. In addition, the forcing function frequencies at
w -2000- which the maximum torsional and translational responses

V) occurred did not generally correspond to the airfoil natural
torsional or tanslational frequencies. This was because the

aerodynamic damping effect analogous to structural damp-

,vii 4000J FREOUENCY RATIO, ing.
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.SClaoUi of NIallical Lsi1giliacriig

flurdue 1Jsiversity, WLAt LafayvcLte, hiiaia 171i7

To predict thaese dYnIUsna~c :Jtrcbs levels, Lte responase
AB~STRACTi of anl airfoil to acrodlsaisnic e:xcitaLtiulls 1nanast be

A stuctraldysasaicsmodl i deeloed sad auslyzel. Fist Lte unsteady aterudynamnic forcing
utilized to predict Lte effects of airfoil tick Isebs, function is defissed ina Lermss of isarsausaics. Th~e lttlea-

6 camber, means flow inacidensce angle, and L o variant. response of the airfoil to each narnsouic
~w dimnensioal gust directiuss onl the aerodyssiassicaily copoiseit sa thn assumaed tu be cosnairsaed tit twu

induced forced respose of anl airfoil isa jal distict but related Uzateady aerodynsamiic parts. Osie
incosaspiressible flow. Ass energy balanct, is perfosrmedn Is Lte gust resposase duje to tILe laariaaosaic forcig
betweiin thse unsteady aeroatlyaaaic work assal thle fIssuo besn cuss.01 ICigUIVUCtea past the tauarespiaanaas fixed

S energy dissipated through the airfoil Structisra I andaa airfoil. 'Ilse msutioii- jmnocea aerody ua hic rei-)MSa,

aerodynsamaic dainping, withs 1 redietos (if lte ;Airftoil also terassual thet Lmriiig, ia Lal~ l aaaa~ ishe secuitid

unsteady aerodynamsics obtained frums a cossplete first part amad is j;esIeratU1I by lte rczsaalLisil; iijrmiiii

order model. It is tisen demonstrated thsat the steadly respinst: of ltae airfoil. TypicalIly, ltne asirfuil %ilaratiary
aerodynamic loading on the airfoil &lsd tlae direction of responase is thlnm Calcuslatead 111ilizilia L clknszical%

a 5  the gust strongly affect the amplitude of responsse. aPrahbsduaNwoass~uilI v
Also, classical thin airfoil unsteady acroulyssassic tisafortusatciy, acctirate inredictimas of Lte%
models result in significantly usaderpredicted airfoil ansipiitmde of Lte resuitig airfonil vibratiuon aind stress
response amplitudes, i.e., tlse thin airfoil predictions cannot be maade disc tit lte inadeijaaacUS of cirreit
are nonconservative. lsud cuyaucttdt.ttpriu ,tizteky

aerodynamiic IssonleIC IhaVe typIic.lly bLes rustricted to
thin airfoil theory wisereia [line iasateady Ilhw field is

'IICATaEI siusnei to be smsall cusapareal to Lte mseaan Iianw, with
5SNOMENIATJO the latter inantesatia Ins addait lanai, te .sin hall is -

considered to be a ILI t ila tea "La zta lit jinciicu is
usa1coup)Sieste Usasteanly annul)11"nmiLS ftUIIn Line bleanly

k I reduced frequency, w 6/0,~ potes t ia 114)% asia1 leads Uns tie a aann natann here iia
k transsverse gust wave naumaber tise 1n-sw is hsaeariieni abouit a anailnarma inraILI ila1W

* U4 cblordwise gust comrponent SuchS Classical sanaiLiel haJve bLUII khlCCaJaaal fitr
v + transverse gust. comsponenst osciilatiisg ILA tpllate airfoilis by i'laeaalar- it II ai~d fair

4' steady velocity potenstial & cusave:Ctelt trasI1JvLCrse J it bny SearS F

41. unsteady )sarillomsic gusst potenstial II sssa say a nnms IaIUhwe Va. a ai faai I w ish
IC 4. usteady harissonic smotiol-idasced potesntial sigssifica sat steady lanadiina, la rge air t aaraisni, unia

Cla comiplex torsion msotions hi~ly caalaern-. ;iale,cac reajnirud. 'I'lnis, tiae
Lk. mean flow iuncidensce ClassOic l ssaoa1ias hiicrct; siCin-II toit aine t11 iin airfoils
W gust hsarmsonic frequenscy witls cosastai .1very b111.11 ica saber a14 jai 11aL.11 i LJOW
WO airfoil natural frequesncy isjiIaUIesce. iarf I-X41IIsajal, Ilanriaak 131 Lxtcnnaleai Lte

Sears alaharaasci Las cuiialer alianrdAli , giiLz, wbil~c

Nausnasass aslid YasIs III caaiasialasa- transvcrse amid

INTRODUCTION ClnunrlWiie Lt1U cnalvelcd pjat airfoils %%ttl s 555adl

CN The structural dyumsic resposase of turbolisaciise cosastasat, casanber. tJinfrtsatuly, tlnese Iticaeaniiea%
.O and turboprop blading to aerodynsamsic excitatisms is a sIsoalels are usily ajjronaanaate, Inavilid mi14-it-~I sascoisd

problems of inacreasing design conacerns. Tias is because order terimas. nitsis, Liney ca11Inna le ci allto InIteII

these blades operate iss nossuniforus and irregular floiw saneass floW jiacidsIkCe iaitkaz air rnaliati , a jjnl1Cra~d

fields. A.9 a result, unsteady aerodysasic forces ;slid profiles, IcU., iaalasa airfi iLlk~nsha ais '1 fashraI,
moments are generated onl Ltse bladit'g. WVlaea Lte (;naId:,titi a in1  A tasi I 'i I aIl V vaslajea a coanaIlit!

a ~frequesaIcy of these aerodysasasic forces anld assissesstIs is ~ taa~ ialel fair ina.s gal' Lana an1a1, .l aw as

equal to a blade natural freauessmcy, susataisslial unclatia arais n , ol saie to pa r nil"t gtAc as

vibrations may occur, witls the associated dyssassaic an iagc lasaical I i A ,i F"1 a fnia .sI is I a a lainania
S stresses insducissg fatigue cracks leadinag to high cyLC
~4 fatigue failure.
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AnIn this paper the effects of airfoil thickness, The potential gust component, V,/, is described by
camber, ,teean flow inicidence anigle, anti gust direction a Laplace equation: V21 = 0. The gust generated
on the aerodynamically induced forced response of an, unsteady rotational and potential flow fields are
airfoil in an incompressible flow are amqesseil for the coupled through the boundary conditions on Lte
first time. Thlis is accomiplishedl ly developing I a potenitial gust cotmponent. In particular, the airfoil is
structural dynameics mtodel bwsed on an energy ha lanice stationary, with the rotational gust convected with theUtechnique 161, with predictionsi of the airfoil unsteauly meat, steady flow field. Thus the upwash on the
aerodynamics obtained fromt a comtplete first order airfoil is determined by requiring the normal
model, i.e. the thin airfoil approximnation is tnt comnponenit of the unsteady flow field to lie zero on the
applied. The fluctuatinig flow velocity is assuedeeu to lie airfoil.
small compared to the mencai velocity, %%ithI lhe
unsteady flow linearized about the full potenitial nfowf
of the airfoils. Thus, the unsteady aerodynamic effects A( *~ --- k2 I k,) expi i(k~x ik~y)j (2)
due to airfoil profile and incidence angle are al aIX
completely accounted for through the mneane potential
flow, where ( (x) specifies the airfoil profile

AERlOD)YNAMIIC NIOD)f. The K utta condition is also impa~osed on the
unst eadly potenetialI flow field by requiring no utesteady

Figure I presents a schenuatic representation of a pressure difference across the airfoil chorullitie at the
thick, cambered, airfoil at finite inean flow incidence trailing edge. The corresponeding relationi foir the
a. with respect to the far field uniform utmean flow, trailing edge unsi-teady velocity potential difference is

V.= U. 1, executing torsion inode oscillationsi with a then determiined froiri the unsteady lierreoulIi ecitia tion.
superimposed convect ed two-d(i m ineitia harmo ntic

gust. The gust amtplitude and ha rrmeomic freqitemicy are
denoted by A andi : , res4pectively. The two% - Motion-Induced Unsteady Aerodynamics
dinesiOzeMl gust propagates in the dirertioe

X k1iI ~j whrek s heredce feuueeec aidfle un msteady flow field associa ted with the
Xatemi -moto kit the airfoi iser kurte to be elfrqec n

k, is the transverse gusqt wave neumbier, i.e., the hamnc otnorhe iro sa-uov tob
transverse component of the gust propagation potential and, is therefore described by the lailace
direction vector. equlatiote: V*,, - 0.

The upwash on the airfoil for this imotion-
r dependent model, W'm, is a function of both the

Steady Flow Field position of the airfoil and the steady flow field. Thus,
this boundary condition couples the unsteadly flow field

The nmodel for the steady flow considers the to the steady aerodynamics. For an airfoil executing
incompressible flow past a thick, cambered, airfoil at harmonic torsion mode oscillations about an elastic
finite mean incidence. As the steady flow is assumzed AIS locaion at x. as mneasured froto the leadineg edge,
to be a potential flow, it is described by the followinig the ttpwash on the surfaces of the airfoil is:
Laplace equation: V+.' (X,y) =0

The steady boundary conditions require the far al) ik a4-x) Iyof/dxj 4 U. 4 Vf(3)
field steady flow to be tuniforto, while the airfoil (I 3

surface boundary coinlitiotis specify that the nornial itI(on.)Il
velocity is zero. The Kutta condition is also applied
and is satisfied by requtirinig the velocities on the upper
and lower airfoil surfaces to be equal in mnagnitude at OJ/31Xx)X/fdiI J dV./)1Y)(X X.) YidfI)XI
the trailing edge. 11 (a/)1'' pII(f/a0 1 11

Gust nsteay Aerdynaieicswhiere U. aned V. itre tMe steady airfoil surface velocity

Thce two-dimnensionial gust untsteady flow field is comtponents, and 5 is the amplitude of the torsional
determinmed by decomposimng the gust generated oscillations.
unsteady flow field into harnionic rotational, 2 F1, and
potential, 9 r, coitilomient%. The rotational gust is LOCALLY ANAL.YICAL~ SOLUTION
asme the airfoilete and, the dosteant ineact fith
asue tiroi hecnvete, t thereoe dosteady ineact witw The boundary fitted cotmiputational grid developed

teairfoil. Thus the followitig solution for the hy Thompson, 1Thames, and hiastin 171 is utilized. This
rotational gust is determined by solving the linearized method permits grid points to be specified along the

Euler equations in the far upstrearn where the steady entire boundary of the comtputatiotial plane. The
flow field is uniform. complete flow fleld is described by the steady velocity

potential, (Ojx,y), the guest generated unsteady velocity
3m-u,' potential, 'V((x,y), and the motion iniduced unsteady

a + +V velocity potential, V..m These three velocity potentials
are each indiviually described by Laplace equations.

where: u* - - A k, cap Iike(t -x)- iksyl; In the transfoured ( ,ij) coordinate systemi, these
v' A k1 eap Iiki(t-x) - iksyI. Laplace equations have the followinig nonlcoinogeneous

form.
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i' u i -2c 2J~*(~, (4) - *

where j is a shorthancd Inethod of writing these three I
vity ptil ani L4c Lracirnmd plane, F( ",it)

contains thce cross derivative termt 0j2 1/~j and the -

coeficitents ik, .3, and -1 are funlctionls of the ~ -- I ~
trtcnsfurnied coordinates and it and are treacted its ' .) M& zbJI. '

CUUMStaicta is eachc individual grid cleciseit. I ..

No ubtaji thIss. analytical :ulticon Lu Lite It zlmeuldl be nutud thatc Lice airfiuil rusjciiibu occurs
tranlbforia alace~ Lquatiucc, it is firzt, rewittenI as a L s tie frceipieclcy "f tlce fuing sc fccc.Ac,,cc1, Ic. lce Lice

gliaL frvicjceiccy, .', hU3 lIccac tit iflsed ili Icte b, Ili, aLicilioiiiugtcltitt~s eIutiulc. ile gueciral mullictiolii ll (,r t~Iilce tmiica-y is(culyniicic f,,r- cs ciii mcumienis,%
determeinedj by uepairatiuni of variable~s. I':.pctitul, a.

LNLI(GY IAI.ANL:L .6
w h re IA ().13 + Aaa0p2 ) 11 ~ andiiii X, A l i A iiic si kind B T he u nc upL i e c cu of ni c tuic fur ile single-

wher jc + , )~2/~,i/2and ., 1, 2, lI~,and112 degree-of-freedoin lumpijed airfuil IccU(iel t1IdC1iegiLbjare constants Lo be determcined fruis Lite bounidary oso cue 'i~iiisi IeI I ~LcLUJ9
conditions. ubu ud siatoiisgyui qaon.

Analytical solutions in individual comnputational *d 1
grid elemnts are determined by applying proper l--j i (I -t it&) Sa ML 9

Sboundary conditions on each elemeenL to evaluate the dLt
unknown constants in Lite general velocity potential
solution, Equation 5. le solution of Lice glubccl
problem is Lben deLernined through thce application of where; S is thet stiffness cutfliciciL, g is Lite structural
t6. global boundary conditions and thke -1-en1by oIf damscpincg. and I is the MSass Iccocacict uf jecertia about
the locally analytical solutions, tile elastic axis.

The uysteac responise is decteiiccd by cuonsiderng

General Unsteady Aerodynamic Cueficients Lbe ba4LAsce bJCLWLeet ile encergy illila ndcc lLce enerfgy
disip&Led over onec cycle of Oscillaticu of Lite birfoil-

The comaplex, tince-dePenident unasteady lift andc Thuc incput encergy is uobLiclecedl froc a c;cletIcheLiun of Lhe
mome t per unit spats are written icc icclluelcu work done by Lice unsteady gi:A licuicact tcLiccg oct the
coefficient form fur Lite gust and toruioe iode iccotcoac- airfecal. Tlhe ecewrgy . disiitA~ is cil..ilcd by
Induced unsteady aerodynamic caxes. calculacting Lice work luic Icy tle si1ructecril clcccpiccg

& [III y Ilice ct: aocdpne c ceclyna ic rebpo se

L mlclcen U C., tile Acerodilific tialcccpiccg.

Lo Re Il-j + ' l"A 1"I -IV sL? AG tjjJ () The ' unsteady work JUn Cs per I oy~kfosUCihiOLicl by 4

the- isitegral of Ic. pcrodct III L1ce real ,;,t of Lbe
Unsteady flicoiccct acnd Ltce rcscclhicg disjlceiaciacec over

Ma Ite 11GI +- i len Lmj 0,1IGU oute Cycle of eccticu.

L. Re IL.. + i Iam I. XFP b'3, .A.(,I (7) Iik ~ is 'r ii ism~ (10

M. Re IMII i, i Inc IM..J ssj6b..U.cij WhCFrs T'-AN IsIA'.Jic. ji.I __-

where a - e -'% WG WG. e'" describes thle gust; Lc eeydssptd eryleooclatucs
(A.. B.), (Ao, Hj denote tltc gentralized unsteady liftThenrydsitJprcclofsilaons

Sand mnomcent coefilcients due to airfoil Louiocc aecd tlce obtained by ititegrating Lice real part of Lice product
convected sinusoidal gust, respectively; -'. is Lice airfoil of tle sccutic-iccdtccc icccteccy icerodyicacic rcspoicst

fcccctuec cccecccct(the acrudyica dde dcc ecipaccg) alccc Lict: airfoilnatural frequency, aD Zcc is flce gccst, furcig~,Imitu dji*ujIac1ecceIt overoc ~ f ceill claICca It b.lutcld
frequency. be ncoted LhcaL althoiglc this Lrcc is writtecn is a

S Tile total unsteady lift and mccineut on tlce airfoil deISipatic Ly(rics, ucidur ccrta.icc culldilc'ccs iL Caci
Sare obtainsed by super- imeposincg tile gust respolica itcd represcect sic ccergy icciit Lercc.

the self-iuduceJ aerudynsanic forces ascd cmcocntits.

Wurk X(JS -irlit' ilikjuj)k, ( 1)

.........
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The balance or energy requires that the eniergy An s-ien, thesIe classical predictions significantly
input to the system mnust be equoal to tha~t disipatlen ioilerpredict the amiplitudec of respouse of the airfoil,Iby the airfoil. This energy halance leads- to lte i.e., (lie classical predictions are noiiconscrvative,
following exyrsinfrtersos ~pi ieo i thereby clearly demionstrating the need for the
oscillation, a. comiplete first order unsteady aerodynamic model

developed herein.

- T.siuil) (1)iguires 6 and 7 clearly demonstrate the
imiportance of Lte aerodynamic forcing function as
characterized by the direction of the two-dimensional

gust on the amplitude of response of a 10% thick

Igs espetivey. A eac orthe incidence angle values, it

signficnt ffet ontheairoilresponse. H owever

ItESt ILTS particular, ilecreasiiig the guist directioi, from go,~
results in decreased resiolise at ii iiicideiice aiigle or P

The structural dyiaiiics mnodel dleveliopedl herein is o*, but increased response at 2(0* of inciidence.
utilized to assess the effects of airfoil thickness, stentdy

aerodynainic loading, i.e., airfoil camiber and meiain SUMNMARY AND) CONCLUSIONS
flow incidence angle, anid alsqo the forcing foinetion .1-
chasracterized by the direction of the two-dimnicosional A structural dynamiics miode~l has been developed to
gust on aeroulyeiauisically iiiiceil forced vibiratory predict the aerodynamically induced forced responise or
responise. This is accompsllished bty conqiilerioig a1 Seris a n airfoil in an incompressible flow. Thlis Model is
of repretemitative Jonkowski airfoils with a :1.19 clii based on an energy balance between the tinsteady
chord, an a-spect ratio of two. a amiislihorl elasstic axis, aerodynauiic work and the energy dissipiatedI through
and a 0.8 reduced frequency value. These resujlts are the airfoil structuiral andi aerodynamiic damping, with
presenteid iii Figures 2 through 7 in the format of the predictionss of the airfoil uinsteadly aerodynamuica
torsion icle response aniplitusle, ;-w, verqius thle ratio of obtained from a complete first order mocdel which
the forcing fuiiction frequency to the airfoil nalt ral aeccurately amialyzes the eIffects9 of airfoil profile, mean
frequency, 7-/... now incidence angle, and also considers a two-

(liluen-ioi-nal guist.
Thle thickness of thne airfoil has mninimial effect on

the aerodynaumically forced response for a fourcing Thlis muodel was utilized to demonstrate the effects
function characterized by a go' gust at both zero and of airfoil thickness, caniber, tnean flow incidence angle,
finite incidence angle values, Figure 2. Also, the and the two-dinmensional gust direction on the
response amiplitui(le is seen to decrease with increase(] aerodyna nic ally induced fiorcedl response of a typical
incidence aingle and, tttus, with increased steady airfoi. This study showed that the steadyUaerodynamic loading. Ilowever, this decrease in aerodyniamiic loading on the airfoil, andi, the
amplitude is associated with the particular two aerodynantic forcing fuinction, as characterized bjy the ,'

dimensional gust direction. This may be seen by airfoil camber, the mnean flow incidence angle, and the
considering Figure 3 which shows the analogousi resuilts dlirec-tioni of the gust, respectively, have a signiilicanit

effect omi the amplitude of res.ponse. It is also shown
demonstratinig the effect of airfoil thickness and tht1ecasclti0irolused eoyai
incidence angle for a 45* gust. In pnarticular, for the miodlels result in significantly underpredicted airfoil
45* gust, the amplitude of re-sponse imcrea-ses with response amplitudes, i.e., thke thin airfoil preicin
Increasing incidence angle, thereby reversing the trend are nonconservative.
noted with the forcing function characterized by a OW

I ust. Thus, the amplitude of response is not a strong
unctioni of the airfoil thickness. Hlowever, the ACKNOWI.EIGEIEI

response amplitude is a strong fuinction of both the
steadly aerodynamic loading on time airfoil and the Ti eerhwssosrd nprb h i
aerodlynamnic forcing fiunction, asi characterized by the Freii e rsnii esearch wspoordiipartdb the NAir
incidence angle and the gust direction, respectively. Foei Reseach oCeitrc. caiaidteNS

Figures 4 and 5 denionstrate the effect of airfoil
steady aerodynamic loading as characterized by the
camber of tihe airfoil and the incidence angle, on the RlEFERENCES
amplitude of response for forcing functions delinesl by
Q* and 45* gusts, respectively. Again, the gust 1. Tlucodursen, T., "General Theory of Aeruslysatmic

directioni and the steady loading have a strong Insitability and the Mechaniismn of Floitter,"
Influence on the amplitude of response. Increasiuig the NVACA 7T1 496, 1935.
airfoil camiber at constaiit incidence angle results in an
Increase in the airfoil response, with this effect mmore 2. Sears, tV.l., "Somue Aspects of Nomstationary'
pronounced for thme 90* gust. Also, increasimig the Airfoil 'Theory and its Practical Applications, I".
Incidence angle for a particular airfoil canduier leads to Journal of the Aerontautical Sciences, Vol. 8 No.
greatly increased amplitudes of response, with the 45* 3, pp. 104-108, January 1941.

g ust hiavinig a larger influence. Also shown in these
gsures are the corresponding results ba1sed on the

classical thin airfoil unsteady aerodlynamnic models of
Theodhorsen, Sears, Ilorlock, anti Naumiann aind Yeh.

MUM 1
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